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A number o f  i s o  therm als have been  determ ined  f o r  
the s o r p t io n  o f  the vapours o f  amino compounds on 
s i l i c a  and f e r r i c  o x id e  g e l s .  The so r b a te s  s t u d i e d  
in c lu d e  the normal a l ip h a t ic  am ines, from eth y la m in e  to 
n -h ep ty la m in e , t -b u ty la m in e , e th y le n e  d iam in e, 
cycloh exy lam in e  and p y r id in e .  Data fo r  e th y l  a lc o h o l  
and w ater i s  a l s o  in c lu d e d , f o r  com parative p u rp o se s ,
A standard 'g r a v im e tr ic *  tech n iq u e  has been used in  
every  c a s e , e x c e p t  th a t  o f  e th y la m in e , f o r  which a new 
tech n iq u e  h a s been  d ev e lo p ed .
The f e r r i c  o x id e  is o th e r m a ls  a l l  c o n ta in  a la r g e  
h y s t e r e s i s  lo o p , the s i z e  o f  which d o es n o t vary w ith  
in c r e a s in g  m o lecu la r  d ia m eter ,
d i l l c a  g e l  Bg iso th e r m a ls  show a la r g e  loop  w ith  
w ater , and sm a ll lo o p s  w ith  e th y l  a lc o h o l ,  n -prop ylam in e  
and e th y len e  d iam in e . Larger m o le c u le s  g iv e  com p lete ly  
r e v e r s ib le  is o th e r m a ls .  T h is  d a ta  con firm s the most 
im portant p r e d ic t io n  o f  th e  'open-pore* th eory  o f  
c a p i l la r y  c o n d e n sa tio n . R eferen ce  i s  made to d a ta  in  
the l i t e r a t u r e  which p r o v id e s  fu r th e r  c o n firm a tio n  o f  
t h i s  p r e d ic t io n .
Silica gel C and silica  gel D systems both contain
la r g e  h y s t e r e s i s  lo o p s .  Only a few  r e s u l t s  are  
qu oted  f o r  the form er sy stem , a s  th e  is o th e r m a ls  
o b ta in e d  were n o t r e p r o d u c ib le .
«here p o s s i b l e ,  the K e lv in  e q u a tio n  h a s been  
u sed  to  e s t im a te  the m ost f r e q u e n t  o c c u r r in g  pore  
sp ace  a v a i la b le  f o r  c a p i l la r y  c o n d e n sa t io n . In  some 
c a s e s  an e s t im a te  o f  th e  tru e  pore r a d iu s  h a s been  
made, by c o r r e c t in g  f o r  the th ic k n e s s  o f  th e  adsorbed  
l a y e r .
E vidence i s  p r e se n te d  f o r  o r ie n t a t io n  o f  so r b a te  
m o le c u le s  in  the f i r s t  la y e r  on f e r r i c  o x id e  g e l ,  and, 
to  some e x t e n t ,  on s i l i c a  g e l  D,
The volum es adsorbed  a t  s a tu r a t io n  obey G u rw itsch ’ s 
R ule in  ev ery  c a s e .
E th y len e  d iam ine h as been  shown to  have a low er  
f r e e z in g  p o in t  i n  th e  adsorbed  s t a t e  than  in  th e  b u lk  
s t a t e ,
The vapour p r e s s u r e s  and su r fa c e  t e n s io n s  o f  some 
o f  tliB s o r b a te s  have been d e term in ed , u s in g  m ethods 
s u i t a b le  f o r  h y g r o sc o p ic  l i q u i d s .
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SECTION I .  INTRüDu'CTION
When a  gas or vapour I s  b rough t in to  c o n ta c t  
w ith  an evacuated  s o l id ,  p a r t  of i t  i s  removed from th e  
vapour phase by th e  s o l id .
T his p ro c e s s , which was c a l le d  's o r p t io n ' by 
MoBain (53)» oan be d iv id e d  in to  two p a r t s ,  wh® the 
c o n c e n tra tio n  of vapour a t  th e  so lid -v a p o u r  in te r f a c e  i s  
g r e a te r  th an  in  th e  vapour p h ase , th e  p ro cess  i s  c a l le d  
a d so rp tio n . A bsorp tion  occurs when th e  vapour p e n e tr a te s  
in to  th e  s o l id  l a t t i c e  to  form e i th e r  a  new s o l id  phase  
o r a  s o l id  s o lu t io n .
In  each case  an e q u ilib r iu m  i s  s e t  up in  th e  
system , b u t w h ile  i t  i s  u su a lly  e s ta b l i s h e d  ra p id ly  i n  th e  
case of a d s o rp tio n , a  much lo n g e r p e r iM  o f tim e i s  r e q u ir e d  
when a b so rp tio n  o ccu rs .
The adsorbed phase i s  te rm ed  the a d s o rb a te , o r  
s o rb a te , w h ile  th e  s o l id  i s  r e f e r r e d  to  as  th e  a d so rb e n t, 
o r so rb e n t.
The q u a n ti ty  adsorbed in c re a s e s  w ith  r i s e  in  
p re ssu re  and d e c re a se s  w ith  r i s e  in  tan p e r a tu r e .  I t  i s  
p o s s ib le  to  r e p re s e n t  th e  d a ta  of a d so rp tio n  g ra p h ic a l ly  
in  th re e  d i f f e r e n t  ways. The a d so rp tio n  is o b a r  shows th e  
v a r ia t io n  of th e  amount adsorbed w ith  tem p era tu re ; th e  
p re s su re  b e in g  c o n s ta n t. The v a r ia t io n  of th e  tem p era tu re  
w ith  e q u ilib r iu m  p re ssu re  f o r  a  d e f i n i t e  amount of vapour 
adsorbed  i s  ex p ressed  as the  a d so rp tio n  i s o s t e r e .  The 
most common method f o r  e x p re ss in g  th e  d a ta  o f a d so rp tio n
a- a #
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i s ,  however, th e  ad so rp tio n  iso th e rm , which shows th e  
v a r ia t io n  of th e  amount adsorbed w ith  th e  e q u ilib riu m  
p re s s u re , a t  c o n s ta n t tem p era tu re .
B runauer, Demlng, Deming and T e l le r  have 
c l a s s i f i e d  f iv e  main iso th e rm al ty p e s . These a re  shown 
d iag ram m atica lly  in  P i g . I . l ,  and w i l l  be r e f e r r e d  to  
throughout t h i s  work (21).
Many a t ta n p ts  have been made to  d e r iv e  an 
eq u a tio n  vh ich  w i l l  s a t i s f a c t o r i l y  d e s c r ib e  the cou rse  of an 
ad so rp tio n  is o th e rm a l,  bu t up to  now ,although eq u a tio n s  
to  f i t  some p a r t  of th e  curve o r some p a r t i c u la r  type of 
curve have been sugg ested , a  genera l, th eo iy  of a d so rp tio n  i s  
s t i l l  la c k in g .
The o ld es t iso th e rm al e q u a tio n , sometimes r e f e r r e d  
to  as th e  'c l a s s i c a l '  equa tion  was developed e m p ir ic a l ly  by 
F reu n d lich . I t  may be w r i t te n  a s : -
V = kp^^"
where v i s  th e  amount adsorbed a t  p re s s u re  p , and k and n 
a re  c o n s ta n ts , where l > n ? - 0 .
In  g e n e ra l t h i s  eq u a tio n  w i l l  only  f i t  iso th e rm a ls  
of Type I ,  and th e n  only  over an in te rm e d ia te  range of 
p re s s u re s , and i t  i s  of very  r e s t r i c t e d  u se . where i t  can 
be u sed , however, i t  i s  u se fu l as an in te rp o la t io n  fo rm u la .
In  1915 hangmuir pu t fo rw ard  h is  well-known 
"monomolecular" th eo ry  of a d so rp tio n  (5 4 ). The k in e t i c  
d e r iv a tio n  o f an iso th erm  e q u a tio n , whicAi fo llow ed  l a t e r  ( 55 ) 
was based  on two assum ptions. The f i r s t  was th a t  th e
l o
p ro b a b i l i ty  of ev ap o ra tio n  of a m olecule from the su r fa c e  
i s  the same nvhether th e  ne ighbouring  p o s i t io n s  on the 
su rface  a re  occupied  o r  not* The second assum ption was th a t  
every m olecule coming from the  gas x^ase which s t r i k e s  a 
m olecule a lre a d y  adsorbed i s  e l a s t i c a l l y  r e f l e c te d ,  th e  
only m olecules to  condense b e in g  th o se  th a t s t r ik e  th e  
b are  su rfa c e  of th e  sorbent* Langmuir th u s  a t t r ib u te d  
ad so rp tio n  to  a tim e -la g  between condensation  and evapora tion*
On th e  b a s is  o f th e se  assum ptions Langmuir 
d e riv ed  the  fo llo w in g  e q u a tio n :-
V = Vgjbp
1 4- bp
where v i s  th e  volume of gas adsorbed  ( a t  N*T*P.j a t  p re s s u re  
p , v^ i s  th e  volume re q u ire d  to  com plete a  m ononolecular 
l a y e r ,  and b i s  a  c o n s ta n t, which i s  a  fu n c tio n  of tem p era tu re  
on ly .
A lthough th i s  eq u a tio n  was found to  f i t  some 
iso th e rm a ls  over a w ider range of p re ssu re  than  d id  th e  
F reu n d lich  e q u a tio n , th e re  was a  s t i l l  l a r g e r  number of 
iso th e rm a ls  th a t  were n o t d e sc rib e d  by i t .  The b e s t  agreem ent 
was ob ta ined  f o r  homogeneous, p lane  s u r fa c e s , such as 
m eta ls  and m ica. This would be expected  as the  eq u a tio n  
assumes a  c o n s ta n t h e a t of s o rp tio n  over th e  whole su rface*
In  some oases the  equa tion  can be f i t t e d  to  the low p re s s u re  
reg io n  of an iso th e rm a l determ ined  on a porous s o l id .  T h is  
i s  perhaps s u rp r is in g  as the  f i e l d  o f a t  t r a c t io n  i s  p ro b ab ly  
f a r  from uniform  and th e  gas m olecu les do n o t have f r e e  
access  to  the  s u r fa c e . However, th e  enuation  i s  o fte n
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used to  exp ress  th e  i n i t i a l  s ta g e s  o f a d so rp tio n .
The equa tion  may a ls o  be w r i t t e n : -
£  -  1  4  p
and i f  the e q u a tio n  f i t s  th e  iso th e rm a l a  p lo t  of £  a g a in s t
V
p should be a s t r a ig h t  l i n e .  I f  a s t r a ig h t  l i n e  i s  
ob ta in ed , how ever, i t  i s  only p ro o f of th e  form of th e  
eq u a tio n , as and b a re  c a lc u la te d  frcm tirieisotherm al 
i t s e l f  and cannot be ob ta ined  in d ep en d e n tly . In  s e v e ra l  
cases in c o n s is te n t  v a lues  of v^ have been ob ta ined  f o r  
d i f f e r e n t  s o rb a te s  on th e  saae s o rb e n t ,  even though th e  
s t r a i ^ t  l i n e  r e l a t i o n  i s  c lo s e ly  obeyed :- e .g .  th e  r e s u l t s  
o f Maridiam and Benton f o r  a d so rp tio n  of oxygen, carbon 
monoxide and carbon d iox ide  on s i l i c a  ( 56) .
As th e  p re ssu re  in c r e a s e s ,  th e  p lo t  of £
V
a g a in s t  p bands towai'ds the  p re s s u re  a x is .  T his i s  due to  
ad so rp tio n  of m olecules in  a second la y e r  b e fo re  the  
monolayer i s  com plete. F o s te r  has shown how, in  some e a s e s , 
t h i s  second la y e r  can be c o r re c te d  f o r , (28) when th e  
fo rm ation  of th e  f i r s t  la y e r  tak es  p lace  in  accordance with 
th e  Langmuir eq u a tio n .
O ther e a r ly  th e o r ie s  o f a d so rp tio n  in c lu d e  
th e  P o lany i m ultim oleculai* la y e r  th eo ry  (5 7 ) , l a t e r  
m odified  by Goldmarm and P o lany i (29)> th e  W illiaras-H enry 
iso therm  ( 58 ) ,  vhioh i s  founded x^artly on an assum ption as to  
th e  law of fo rc e s  between th e  so rb e n t and the  so rb a te  
m o lecu les, and th e  d ip o le  theo ry  of Magnui ( 59) .
1.5.
These th e o r ie s  Itave a lre a d y  re c e iv e d  d e ta i le d  
exam ination ( 6û , 6l , 62) and w il l  n o t be con sid ered  f u r t h e r , ,  
as they  appear to  have had no re c e n t  a p p l ic a t io n s .
I t  has been known fo r  some tim e th a t  th e  vapour 
p re ssu re  over th e  m eniscus cf a  l i q u id  in  a  f in e  c a p i l l a r y  i s  
low er than  thaU of th e  b u lk  l i q u id  a t  th e  same te m p e ra tu re , 
so long  as th e  l i q u id  w ets the  w a lls  of the  c a p i l l a r y  and 
forms a concave m eniscus. The r e l a t i o n  between th e  two 
vapour p re s s u re s  i s  g iven  by th e  well-known K elvin 
equa tio n  ( 63 )
In p / = -  cos 6
^Po 35%
where p i s  th e  vapour p re ssu re  over a  l i q u id  co n ta in ed  in  
a  o a p i l la iy  of ra d iu s  r ,  p^ i s  th e  vapour p re ssu re  of th e  
b u lk  l iq u id ,  'i , M stfid d a re  th e  su rfa c e  te n s io n , m o le c u la r  
w eipjit and d e n s i ty  of ttie  bu lk  l i q u id  a t  tem pera tu re  T % . ,
R i s  the  gas c o n s ta n t , and©  i s  th e  angle  o f ccsntaot.
A ccording to  t l i i s  e q u a tio n , th e  vapour p re s s u re  
low ering  i s  g r e a te r  the sm a lle r  th e  c a p i l l a r y ,  and in  19I I  
Zsigmondy, who had examined th e  po re  stiM ctu ro  of s i l i c a  
g e l under th e  u ltra -m ic ro sc o p e  (41) and d isco v e red  sm a lle r  
c a p i l l a r i e s  than  had o r ig in a l ly  been thought to  e x i s t ,  
concluded th a t  water' would condense a t  p re ssu re s  much low er 
than th e  noi'mal s a tu r a t io n  p re s s u re . This co n c lu sio n  
was the  f i r s t  fo rm u la tio n  of th e  c a p i l la r y  condensation  
th e o iy .
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The th eo ry  has been ex tended  by F o s te r  (33) on th e  
b a s is  of th e  r e s u l t s  o f Liunbert and M s c o l la b o ra to r s  on 
f e r r i c  oxide g e l (64 ,1 ,48 ,23 )*  % e  iso th e rm a ls  o b ta in ed  
were a l l  o f Type IV, having a pronounced h y s te r e s is  lo o p  
and a low p re s s u re  r e v e r s ib le  region*
F o s te r  i d e n t i f i e s  Uie r e v e r s ib le  p o r tio n  w ith  th e  
fo rm ation  o f one or two adsorbed la y e r s  on th e  w a lls  o f 
th e  c a p i l l a r i e s ,  w h ils t  th e  loop  corresponds to  c a p i l l a r y  
condensa tion . The v a rio u s  th e o r ie s  of th e  cause of 
h y s te r e s is  w i l l  be d iscu ssed  s h o r t ly  b u t meanwhile i t  shou ld  
be m entioned th a t  n e a r ly  every re a so n ab le  th eo ry  of h y s te r e s i s  
in v o lv es  c a p i l l a r y  condensa tion . Nowadays n e a r ly  a l l  
w orkers a^ ree  th a t  c a p i l la r y  co n d en sa tio n  p lay s  some r o le  in  
van d er Waals ad so rp tio n  on porous s o l id s ,  a l t h o u ^  i t  
cannot se rv e  as  a g en e ra l th eo ry  o f ad so rp tio n  because i t  
has no a p p l ic a t io n  to  p lane s u r fa c e s .
By th e  a p p lic a t io n  of th e  K elv in  eq u a tio n  to  th e  
d eso rp tio n  b ran ch  of th e  iso th e r tija l , and assuming com plete 
w e tt in g , a s e r i e s  o f c a p i l la r y  r a d i i  can be c a l a j l a t e d .
These are  no rm ally  of th e  o rd e r o f a  few m olecu lar d ia m e te rs .
A curve may be c o n s tru c te d  by p lo t t i n g  r a d i i  a^^ainst th e  
volume adsorbed in  a l l  c a p i l l a r i e s  hav ing  r a d i i  up to  and 
in c lu d in g  r .  A ccording to  th e  c a p i l l a r y  condensation  
th e o ry , th e  rad ius-vo lum e curves shou ld  co in c id e  f o r  
d i f f e r e n t  so rb a te s  on a g iven  s o rb e n t .
Good agreem ent has been o b ta in ed  in  many cases  when
t
allow ance i s  made fo r  th e  th ic k n e ss  of one or two \
ïf__
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adsorbed  lo y e r s ,  a lre a d y  on th e  w a lls  o f Wie c a p i l l a r y  
b e fo re  th e  o n se t of c a p i l la r y  co n d en sa tio n . For exam ple, 
F o s te r  (4 9 ) ,  an a ly s in g  the  d a ta  of Broad and F o s te r  ( 52 ) ,  
has shown th a t  Iso th e rm a ls  of sevei*al d i f f e r e n t  l iq u id s  
adsorbed on f e r r i c  oxide ge l can be b r o u ^ t  in to  v i r t u a l  
co incidence  by p lo t t in g  rad ius-vo lum e curves. Some o th e r  
system s do n o t show such good agreem ent b u t i t  i s  p ro b a b le  
th a t  they  a l s o  would co in c id e  i f  a  more ex a c t a llow ance 
cou ld  be made f o r  th e  ttû ck n ess  of th e  adsorbed  l a y e r .
The e x te n t  to  which pores of a  g iven  ra d iu s  
c o n tr ib u te  to  th e  in te r n a l  volume of the  g e l can be shown 
by p l o t u n g  th a  to  th e  r a a i u . - , o l » . a  o u r v . .  ( g ,
w ith  the  ra d iu s  ( ) ) ) .  The shape of th e  curve o b ta in e d , which j 
resem bles th e  Gauss e r r o r  fu n c tio n , ^o w s th a t  the pei'cs 
a re  d i s t r ib u te d  accord ing  to  th e  law s o f p r o b a b i l i ty .
The mean r a d iu s ,  determ ined  by t h i s  method, c o in c id e s  w ith  
th e  ra d iu s  c a lc u la te d  from the  p o in t of i n f l e c t io n  o f th e  
rad ius-vo lum e cu rv e , which co rresponds to  th e  p o in t  o f 
in f l e c t io n  in  th e  iso th e rm a l.
The d e so rp tio n  branch of th e  isothei-m al w i l l  rouuce 
to  th e  same rad ius-vo lum e curve f o r  d i f f e r e n t  system s and f o r  
th e  same system  a t  a i f f e r e n t  te m p e ra tu re s . T h is  e s ta b l i s h e s  
t h a t  th e  d e so rp tio n  branch r e p re s e n ts  th e  t r u e  e q u il ib r iu m .
The ad so rp tio n  brtinoh does n o t obey th e  K elvin e q u a tio n , 
and F o s te r  (5 'j) has shown th a t  t h i s  branch  i s  more c o n s is te n t  
w ith  th e  P o lan y i theo ry  ( 57) in d ic a t in g  m u ltim o lecu la r 
a d so rp tio n . A more re c e n t th eo ry  of m u lti la y e r  a d so rp tlo "
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(80) would ap p ear to  re p la c e  th e  P o lan y i th e o ry , a s ,  lin lik e  
th e  l a t t e r ,  i t  p o s tu la te s  sh o r t  range fo r c e s ,  which a re  
more in  keep ing  w ith  modern view s on m olecular a t t r a c t i o n .
The a p p l ic a b i l i ty  of th e  K elvin  eq u a tio n  to  
c a p i l l a r i e s  of th i s  s i s e  has a ro u sed  much c o n tro v e rsy . I t  i s  
g e n e ra lly  though t th a t  t h i s  eq u a tio n  laust b reak  down as  th e  
ra d iu s  of th e  c a p i l l a r i e s  approaches m olecu lar d im en sio n s, as 
th e  su rfa c e  te n s io n  and density  may depai't from t h e i r  normal 
v a lu e s . S hereshefsky  (64 ) found th a t  th e  vapour p re s s u re  
low ering  o f to lu en e  and w ater in  sm all c a p i l l a r i e s  ( 2/^) 
was se v e ra l tim es g re a te r  than  p re d ic te d  by th e  K elv in  
eq u a tio n  and assumed th a t  th e  su r fa c e  te n s io n  must have a 
la r g e r  value th an  f o r  th e  bu lk  l i q u i d .  On th e  o th e r  
hand Cohan and Meyer (65) m easured su rfa c e  te n s io n  and 
m olar volume d i r e c t ly  in  c a p i l l a r i e s  of 2/ ^ ra d iu s  and found 
th a t  th e  v a lu e s  were th e  same as in  th e  b u lk  phase .
Woodland and Mack (66) a ls o  found th a t  th e  su rfa c e  te n s io n  
o f w ater in  sm all c a p i l l a r i e s  d id  n o t d i f f e r  from t h a t  of 
th e  normal v a lu e .
B an fo rth  and de V ries has/ e examined th e  d e n s i t i e s
of vapours adsorbed  on charcoal (67 ) .  They found an i n i t i a l
h igh  v a lu e , which dropped ra p id ly  to  a  minimum as th e  
ad so rp tio n  in c re a s e d , fo llow ed  by a slow r i s e  to  th e  norm al 
v a lu e . Thqy c a lc u la te d  th e  su rfa c e  a re a  of th e  ch a rco a l 
by a  s t r a ig h t  l i n e  p lo t  of the  m u ltim o lecu la r a d so rp tio n  
th eo ry  (see  l a t e r )  and found th a t  th e  d e n s i ty  co rresp o n d in g
to  th e  a d so rp tio n  of a  com plete m onolayer was equal to  th e
1 .9
d e n s ity  o f th e  norm al l iq u id .  Swing and Spurway a lso  
found h igh  d e n s i t i e s  f o r  the  i n i t i a l  a d so rp tio n , which 
th m  d ec reased  (6 8 ) .
A f u r th e r  source  of e r r o r  i s  i n  th e  c o n ta c t  
a n g le , which i s  n o t known i f  p e r f e c t  w e ttin g  docs n o t o ccu r. 
V is ib le  co n d en sa tio n  has a c tu a l ly  been o b s^ v e d  In  many 
oases (4 9 ) b u t ,  on th e  o th e r hand , in  s e v e ra l ca ses  no 
bu lk  condensa tion  was v i s ib le  (48; even a f t e r  th e  g e l  hau 
been l e f t  in  c o n ta c t w ith  th e  s a tu r a te d  vapour.
Bau^iam and Haaouk have shown ($2) t h a t ,  a t  
s a tu ra t io n  vapour p re s s u re , f i lm s  on ch arco a l atre n o t l i q u id ,  
b u t the  in tro d u c t io n  of a  p o in t o f c o n ta c t anywhere w i l l  
cause th e  p o res  to  f i l l .  They p o in t  out th a t  the 
u n a tta in a b le  id e a l  i s  to  have th e  c h a rco a l ou t of c o n ta c t  
w ith  a l l  o th e r  b o d ie s , and suggest t l ia t  tit© tru e  adso rbed  
phase i s  a  d i s t i n c t  thermodynamic e n t i t y  from the  b u lk  
l i q u id ,  a lth o u g h  n o t w idely d iv e rg e n t,  as s a tu r a te d  
q u a n t i t ie s  o f vapour adsorbed te n d  to  re p re s e n t  norm al 
and equal volumes of l i q u id ,  u s in g  b u lk  d e n s ity  d a ta .
There i s  no p roof t h a t  c o r r e c t  v a lu es  of 
c a p i l la r y  r a d i i  a re  o b ta in ed  by a p p l ic a t io n  of th e  K elvm  
e q u a tio n , b u t th e  agreem ent of r e s u l t s  quoted in  th e  
l i t e r a t u r e  shews th a t  i t  i s  v a l id  f o r  com parative pu rposes 
when th e  c a lc u la te d  r a d i i  a re  of Wie oi'der o f 20 H adius- 
voluaîC curves o f Brcau and F a s te r  ( 69 ) f o r  w a te r and heavy 
w ate r on s i l i c a  g e l co in c id e  co m p le te ly , and i^ow c a lc u la te d  
va lu es  o f 8 È. The work of Crowth^r and P u ri on th e
Mi
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c a p i l la r y  s t r u c tu r e  of soils {~J0) shows th a t  th e  e q u a tio n  
i s  v a l id  f o r  com parative purposes down to  10
I f  th e  systetn has n o t g o t rous^ily c y l in d r ic a l  
pores i t  m ight be argued th a t  r  has no m eaning, b u t ag a in  
th e  e x c e l le n t  ag reem ait ob ta in ed  by tre a tin j?  th e  g e l  as 
a  uniform  s t r u c tu r e  of c y l in d i 'ic a l  o a # l l a r i e a  i s  r a t h e r  
more than  f o r t u i t o u s .
A p o s s ib le  C onfirm ation  of th e  K elv in  eq u a tio n  
might be o b ta in e d  by use  of th e  r e la t io n
s = 2 
V r
as r e p re s e n ts  th e  su rfa c e : volume r a t i o  of a  c y l in d e r .  
P o s te r  (49 ) has shown some afjreem snt between r  o b ta in ed  
t h i s  way and r  c a lc u la te d  by th e  K elv in  eq u a tio n  f o r  th e  
few ca ses  in  th e  l i t e r a t u r e  f o r  w hich th e re  i s  s u f f i c i e n t  
d a ta .
I t  seems of va lue  to  g iv e  a b r i e f  review  
of th e  v a r io u s  th e o r ie s  of h y s t e r e s i s ,  l ^ s t e r e s l s  i s  such 
a  common phencmenon th a t  i t s  e x p la n a tio n  shou ld  form p a r t  
of any te n a b le  th eo ry  of a d s o rp tio n .
H y s te re s is  was o r ig in a l ly  though t to  be due 
to  th e  p resence  of im p u r it ie s  or permanent g a s , b u t i t  has 
been shown to  be p e r s i s t e n t  by th e  use o f c a re fu l  
experio ien ta l c o n d itio n s  (1 ,2 3 ,2 4 ) .
Zsigmondy, th e  o r ig in a l  proponent of th e  
c a p i l la r y  condensa tion  theo ry  (41) assumed th a t  h y s te r e s i s  
was due to  h y s te r e s i s  of th e  c m t a c t  an g le ; i . e .  to
1 .11
incom plete w e tt in g , th e  e f f e c t  o f which would be to  in c re a s e
th e  ra d iu s  of curvatux'e of th e  m eniscus from r  to  V c o s e  ^
where G i s  th e  ang le  of con tac t#  The re ced in g  l i q u id ,
which would p ass  over a w etted  s u r fa c e ,  would have ze ro
c o n ta c t ami:le. I f  t l i i s  were th e  case  th e  r e la t io n  
^d/ -  CO’S 6  should  ho ld  a t  co rrespond ing  volum es, where
i s  c a lc u la te d  frotn th e  descend ing , and r^  ^ from th e  
ascending  b ranch  of th e  iso th e rm a l. R e su lts  from p u b lish e d  
d a ta ,  however, have in d ic a te d  a c o n ta c t anugle which 
v a r ie s  a t  d i f f e r e n t  s tag es  of a d s o rp t io n , and a t  d i f f e r e n t  
tem p e ra tu re s . Gregg (71 ) has r e c e n t ly  re v iv e d  t h i s  th e o ry , 
as a consequence of M s com parison of th e  adsorbed la y e r  
w ith  th e  adsorbed  f ilm  of an in s o lu b le  substance  on w a te r 
(4 2 ), by re fe re n c e  to  th e  work of Baughma and Razcuk (7 2 ) .
He su g g ests  th a t  under id e a l  condj t i o n s ,  which a re  n o t 
a t ta in a b le  in  p r a c t ic e ,  l iy s te re s is  of th e  c o n ta c t an g le  
may be e lim in a te d  and r e f e r s  to  th e  work o f H arkins and 
Fowkes on t h i s  s u b je c t  (73 ).
In  an e a r l i e r  paper (4 2 ) , Gregg sug g ested  th a t  
h y s te re s is  may be caused by a d e lay  in  tw o-dim ensional 
phase changes# a s  he a ls o  su g g ested  th a t  phase ohenites 
only occurred  b e fo re  th e  com pletion  of th e  monolayer t h i s  
theo ry  may n o t be ten ab le  as in  most cases th e  m onolayer 
i s  com pleted w ell b e fo re  the o n se t o f h y s te r e s i s .
Furtherm ore th e se  th e o r ie s  ot h y s te r e s is  
a re  unable to  e x p la in  the  change in  s iz e  of th e  lo o p  as th e  
d iam eter of th e  ad so rb a te  m olecule in c re a s e s  (2b ) .
I
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The open pore th e o ry , developed  by F o s te r  (33) 
a t t r i b u t e s  h y s te r e s is  to  a d e lay  in  th e  fo rm ation  of th e  
m eniscus, a t  th e  suage where la y e r  a d so rp tio n  g iv es  way to  
c a p i l l a r y  co n d en sa tio n . I f  la y e r  a d so rp tio n  b lo ck s th e  
c a p i l l a r i e s  a t  t h e i r  narrow est p o in ts ,  th e  m eniscus foiios 
w ith o u t d e lay  b u t w ider c a p i l l a r i e s  need a  la rg e  amount 
of l i q u id  on th e  w a lls  b e fo re  th e  m eniscus can form . The 
l a r g e r  th e  adsorbed  m olecu le , th e  more e a s i ly  w i l l  a  po re  
become b locked  a t  i t s  narrow est p o in t ,  and th i s  e x p la in s  
th e  dec rease  in  th e  s iz e  of th e  lo o p  as th e  s iz e  of th e  
so rb a te  m olecule in c re a s e s , and a ls o  why, cn many a d so rb e n ts , 
only w ater shows a l iy s te re s is  lo o p .
Once th e  c a p i l la ry  i s  f i l l e d ,  d e so rp tio n  ta k e s  
p la c e  sm oothly , in  accordance w ith  th e  K elv in  e q u a tio n .
An ex p la n a tio n  i s  now found of th e  agreem ent of th e  
ascending  branch  of th e  curve w ith  m u ltim o lecu la r a d so rp tio n  
th e o r ie s .
Cohan (7 4 j has a ttem pted  a  q u a n t i ta t iv e  p ro o f of 
t h i s  th e o ry , assum ing th a t  conden sa tio n  ^ i l l l  n o t occur 
u n t i l  the  p re ssu re  has r i s e n  h ig h  enough to  enable an arm ular 
r in g  of l i q u id  to  form round th e  w a l ls .  The pore th en  f i l l s  
because a d d i t io n a l  condensation  low ers the  ra d iu s  of th e  
f i lm , and th e re fo re  th e  vapour p re s s u re .
Assuming zero  co n ta c t ang le  f o r  th e  f i r s t  l a y e r ,  
he c a lc u la te s  th a t  p^ ,^ a t  which th e  pore w il l  f i l l ,  i s  g iven  
b y :-
Pa = Po G 5 3 ^
w hile  d e a o rp tio n  occurs in  the K elv in  manner. I . e .  from 
a s # ie r l c a l  m en iscus, when:-
-  2iv 
P d  =  P o  ®
i . e .  2 l o g / p a \  = lo g  f
VPo/  \ P o ,
Pa^ = PoPd
and r^  = 2r^
Only two cases  a re  re p o rte d  in  th e  l i t e r a t u r e  which su p p o rt
t h i s  eq u a tio n  (75 , 7^^»
I f  t h i s  r e la t io n  e x i s t s ,  th en  b o th  b ranches of 
th e  h y s te r e s is  lo o p  should  have th e  tem pera tu re  dependence 
of th e  K elvin e q u a tio n , and i t  h as  a lre a d y  been p o in te d  
out th a t  t h i s  i s  co n tra ry  to  ex p e rim en ta l f a c t .
A f u r th e r  th eo ry  o f h y s te r e s is  i s  th e  s o - c a l le d  
" in k -b o t t le "  th e o ry , suggested  by MoBain (7 7 ), fo llo w in g  
Kraomer (4 3 ) .  This has been developed by Bao (44) and 
Katz (4 5 ) .  The th eo ry  assumes th a t  pores a re  shaped l i k e  
in k  b o t t l e s ,  havin ;; wide b od ies  and narrow n ecks.
dr,
During a d s o rp tio n , condensation  ta k e s  
p lace  a t  a  p re s s u re  g iven  b y : -
-2fV
/  /  /■
V/hen th e  s o l id  i s  s a tu ra te d , po res w i l l  n o t empty u n t i l  the  
p re ssu re  h as f a l l e n  s u f f i c ie n t ly  f o r  th e  vapour to  ev ap o ra te  
from m enisci o f ra d iu s  r^ ,
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x .e .  = Po ®
Rao su g g es ts  th a t  the  a d so rp tio n  branch of th e  
curve re p re s e n ts  t r u e  e q u ilib r iu m , b u t t h i s  i s  c o n tra ry  to  
experim en ta l ev id en ce .
I t  has been p o in te d  ou t by Barkas (78) th a t  b e fo re  
a  s u f f i c ie n t ly  low p re ssu re  had been reached  f o r  d e so rp tio n  
to  occur, th e  l iq u id  in  th e  pore would become u n s ta b le  and 
a bubble would form in  Uie b o t t l e ,  causing  alm ost com plete 
d e so rp tio n .
F o s te r  (79) has r e c e n t ly  p o in te d  ou t a  f u r t h e r  
o b je c tio n . Radius volume curves in d ic a te  a  G aussian 
d i s t r ib u t io n  f o r  the p o re s , th e  average  ra d iu s  o c c u rrin g  a t  
th e  p o in t o f i n f l e c t i o n  (3 3 ). T his p o in t  of i n f l e c t i o n  
i s  f re q u e n tly  ab sen t in  th e  ascend ing  cu rv e , and i t  seems 
d i f f i c u l t  to  v i s u a l i s e  a pore s t r u c tu r e  in  which only  
th e  r a d i i  of th e  necks, and n o t of th e  b o d ie s , a re  d is t r ib u te e  
acco rd ing  to  th e  laws o f p r o b a b i l i ty .  This a p p lie s  a ls o  
tp  C ohan's th e o ry  (7 4 ). The o r ig in a l  open pore th e o ry  
makes no a ttem p t to  r e l a t e  th e  ascend ing  brancdi o f th e  
curve to  th e  K elv in  eq u a tio n .
One o f th e  more re c e n t th e o r ie s  of a d s o rp tio n , which 
has a t t r a c te d  much I n t e r e s t ,  i s  th e  m u ltim o lecu lar a d so rp tio n  
th e o ry , p u t forw ai’d by B runauer, tinmett and T e l le r  (80) 
(a b b re v ia te d  to  B .S .T .)  and su b seq u en tly  m odified  and improved 
by B runauer, Darning, Demln^  ^ and T e l le r  (21) (B .D .D .T .) .
B .E .T . d e riv ed  eq u a tio n s  covering  iso th e rm a l 
ty p es I ,  I I  and I I I ,  and B.O.D.T. ex tended  the  th e o ry
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to  Gover ty p es  IV and V.
Thie th eo ry  i s  unique in  th a t  i t  c laim s to  cover 
th e  e n t i r e  a d so rp tio n  iso th e rm a l. I t  a lso  claim s th a t  
th e  d i f f e r e n t i a l  h ea t of a d so rp tio n  can be c a lc u la te d  from 
a s in g le  is o th e rm a l, w ithou t th e  a id  o f c a lo r im e tr ic  
measurement o r th e  usa o f th e  C lau siu s-C lap ey ro n  e q u a tio n .
"The fundam ental assum ption  o f th e  th eo ry  of 
m u ltim o lecu la r ad so rp tio n  i s  th a t  th e  same fo rc e s  th a t  
a re  a c tiv e  in  condensation  a re  a ls o  producing th e  phenomenon 
of van der Waals a d so rp tio n . On t l i i s  assuniption one can 
d e r iv e  an iso th e rm  eq ua tion  by a  method th a t  i s  a  
g e n e ra l is a t io n  of Langm uir’s tre a tm e n t of un im o lecu lar 
ads o rp tio n  ( 6o )
The eq u a tio n s a ie  d e r iv e d  by B.E.T. on a b a s i s  
s im ila r  to  t h a t  o f Langmuir, b u t a llo w in g  f o r  two, th re e  
o r more adsorbed  lay e i‘s .  At each e q u ilib riu m  p re s s u re  
a  s tead y  s t a t e  i s  s e t  up in  any one la y e r  between m olecu les 
condensing and m olecules e v a p o ra tin g , th e  tim e -la g  p ro d u c in g  
a d so rp tio n .
B .E .T . ob ta ined  eq u a tio n s  f o r  th e  s tead y  s t a t e  
in  each l a y e r ,  and ob ta in ed  th e  t o t a l  ad so rp tio n  a t  any 
p re ssu re  p by a p ro cess  of summation, making two assu m p tio n s: -  
th a t  the number of adsorbed la y e r s  becomes i n f i n i t e  as th e  
s a tu ra t io n  vapour p re ssu re  of th e  so rb a te  i s  re ach ed , and 
th a t  th e  h e a t o f ad so rp tio n  f o r  a l l  la y e r s  a f t e r  th e  \
f i r s t  i s  equal to  th e  l a t e n t  h e a t  of condensation  of th e  
vapour.
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The well-known iso therm  eq u a tio n  was th u s
. ■
o b ta ined ;
 = _L_ + j c  - .J r i R ( i ;
where v i s  th e  volume of gas adsorbed  a t  p re ssu re  p ,
Vqj i s  th e  m onolayer c a p a c ity , Po I s  th e  s a tu i’a t io n  vapour 
p re ssu re  and c i s  a  c o n s ta n t r e l a t e d  to  th e  h e a t o f 
a d so rp tio n , g iven  by
E L z a .c = e liT
whero i s  th e  h e a t of a d so rp tio n  in  th e  f i r s t  l a y e r ,  
i s  th e  l a t e n t  h e a t of ccn d en sa tio n  and HT has i t s  
u su a l s ig n if io a n o e .
When th e  number of adsorbed  la y e r s  formed was 
f i n i t e  -  i . e .  i n  a  porous s o l id ,  th e  equa tio n
V = v„cP . 1 -  (n  + l ) p ”  + n l^^^  /p )
r ;  ( o ' -  i ) p “  -
where P = P / was s a id  to  g ive  good agreem ent. When n = 
Po
th i s  reduces to  (I)*
A s t i l l  more complex eq u a tio n  was p u t fo rw ard  
by B.D.D.T. (21) to  account fo r  th e  shapes o f Type IV and 
V iso th e rm a l8 a t  h igh  r e l a t i v e  p re s s u re s ,  by ta k in g  in to  
account th e  in c re a s e d  h ea t of s o rp t io n  of th e  3 a s t  m olecule 
to  e n te r  th e  c ro s s - s e c t io n  of Uie p o re , as i t  i s  a t t r a c t e d
on two s id e s  in s te a d  of only one.
In  p r a c t ic e  a l l  e q u a tio n s  reduce to  (1 ) f o r  the
i n i t i a l  p a r t  of th e  iso th e rm a l, and th i s  i s  norm ally  u sed
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f o r  t e s t i n g  th e  th eo ry  because of th e  la rg e  number of 
c o n s ta n ts  in  th e  o th e r e q u a tio n s .
The eq u a tio n  i s  te s te d  by p lo t t i n g  ^ / v ( pq -  p j 
a g a in s t  which should  g iv e  a s t r a i g h t  l i n e  (see
eq ua tion  (1 ) ) .  . and c can be o b ta in ed  from th e  s lo p e
and th e  in t e r c e p t .  In  p ra c t ic e  th e  s t r a ig h t  l in e  only  
ex tends over th e  reg io n  O.05  ^  0 #35*
Both the  claim s and th e  fundam ental assum ptions 
o f tlie  B .S .T . th eo ry  liave been th e  s u b je c t  of much d is c u s s io n . 
For example, as F o s te r  has p o in te d  out ( 2 6 ) , th e  assucfiption 
th a t  th e  n e t  h e a t  o f a d so rp tio n  f a l l s  to  zero  a f t e r  th e  
complet,!on of th e  f i r s t  adsorbed la y e r  i s  c o n tra ry  to  
experim ental ev id en ce . Greg": and Jacobs ( 62) have p o in te d  
out th a t  w h ile  th e  h e a t of a a s o rp tio n  of th e  f i r s t  la y e r  
c a lc u la te d  from th e  value o f c o b ta in ed  from th e  ex p e rim en ta l 
p lo t ,  i s  com patib le  w ith  thermodynamic requ irem en ts  as 
ex |)ressea  by th e  C lausius-C lapey ron  e q u a tio n , i t  i s  e q u a lly  
com patible w ith
E, -  h: « OTInc -  RTInCi  li
where C i s  any o o n s ta n t. By th e  exam ination  of p u b lish e d  
d a ta ,  Gregg and Jacobs have a ls o  found th a t  v a lu es  o f 
and o a lo r im e tr io  o r I s o s t e r i c  h e a ts  o f a d so rp tio n  do n o t 
ag ree  in  many o a se s .
S everal m o d if ic a tio n s  of th e  B .S .T . th e o ry  
have been su g g ested  b u t they g e n e ra l ly  se rv e  only  to  
in tro d u ce  an a d d i t io n a l  c o n s ta n t , which enab les th e  
eq u a tio n  to  f i t  th e  iso th e rm al over a  s l i g h t l y  w ider
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range of p re s s u re ,  e .g .  Anderson (8 1 ) .
One o f th e  most im p o rtan t a p p lic a t io n s  o f th e
B.R.T. eq u a tio n  i s  to  th e  d e te rm in a tio n  o f th e  s u rfa c e  a re a  
of th e  so rb e n t. The d e te rm in a tio n  o f v j^ has a lre a d y  been 
d e sc r ib e d , and , i f  th e  a rea  p e r m olecule i s  knoim, th e  
su rfa c e  a re a  can be c a lc u la te d  f r a a  th e  eq u a tio n .
where A i s  th e  c ro s s - s e c t io n a l  a re a  of a  s in g le  m olecu le  
in  the  p lan e  of th e  so rb en t s u r f a c e ,  S i s  th e  " sp e c if ic *  
su rfa c e , or surface a re a  per gram, and N and M have t h e i r  
u su a l s ig n if ic a n c e .
I t  i s  im portan t th a t th e  adsorbed m olecule used  
f o r  t h i s  d e te rm in a tio n  should be as sm all as p o s s ib le .  For 
example, s u r fa c e  ax*ea v a lues  determ ined  by bu tane  a d so rp tio n  
a re  norm ally  co n sid e rab ly  lower than  those  determ ined  by 
n itro g e n  a d s o rp tio n . This i s  p robab ly  due to  th e  f a c t  th a t  
the  la r g e r  bu tan e  m olecule i s  n o t a b le  to  p e n e tra te  th e  
f i n e r  pores o f th e  s o l id .  There shou ld  also be adequate  
d a ta  f o r  th e  a re a  of th e  m olecu le . The so rb a tc s  in  g e n e ra l 
use a re  n i t ro g e n  (a t  - 1 8 ) % .o r - 19 ) % . ) ,  oxygen ( a t  - 1 8 ) % ) ;  
argon (a t  - 19) % . )  and k ryp ton  ( a t  - 195%*} &re a ls o  u sed .
On th e  b a s is  th a t  th e  adso rb ed  phase i s  more l i k e  
th e  l iq u id  th an  th e  s o l id  s t a t e ,  th e  c ro s s - s o o tio n a l  a re a  i s  
d e riv ed  fro m ;-
= 4 X o .b 66 I U ^
4j2N^L
1.19.
which i s  not» u n l ik e s -
c-=  1 .33  X 10“^
W hich was uœd by F e s te r  f o r  c a lc u la t in g  m olecu lar d ia m e te rs ( ) j
Brunauer and Ë to e t t  (27 ) f i r s t  p u b lish ed  s u r fa c e  
ai'ea d a ta  in  1935» b efo re  th e  e x p o s it io n  of th e  main theory# 
Tliqy examined a la rg e  number of iso th e rm a ls  on th e  same 
c a ta ly s t  and co n sid e red  th e  r e l a t i v e  m e rits  o f v a r io u s  
p o in ts  on th e  curves f o r  the  com pletion  of th e  m onolayer.
The iso th e rm a ls  were a l l  S -shaped, w ith  a  long  l i n e a r  p o r tio n  
-  i . e .  Type I I  ( F i g . I . l ) .  They found th a t  th e  b e s t  
agreem ent was o b ta in ed  from v a lu es  taken  a t  P o in t B, and 
they  supported  th i s  conclusion  by d a ta  o b ta in ed  froffi h e a ts  
of a d so rp tio n , which showed a sh a rp  drop in  th e  v i c i n i t y  of 
P o in t B.
F o s te r  has shown t h a t ,  wlien s u f f i c ie n t  low 
p re ssu re  d a ta  i s  a v a i la b le ,  th e  P o in t A v a lues  agree w ell 
w ith  those  o b ta in ed  by a p p lic a t io n  o f th e  Langmuir e q u a tio n , 
and th a t  th e re  i s  some th e o r e t ic a l  b a s is  f o r  th e  P o in t A, 
b u t n o t th e  P o in t B, method (28J . He has p o in ted  o i t  t h a t  
th e  lo c a t io n  of P o in t B depends on th e  m agnitude of o , 
and th e  l a r g e r  i t s  v a lu e , th e  c lo s e r  w i l l  P o in t B approach 
P o in t A. There i s ,  however, l i t t l e  doubt th a t b o th  P o in ts  
A and B l i e  f a i r l y  c lo se  to  th e  t r u e  s a tu ra t io n  v a lu e  f o r  
un im oleou lar a d so rp tio n .
Some modem th e o r ie s  of a d so rp tio n  su g g est th a t  
th e  adsorbed la y e r  shou ld  be m o b ile , and should  e x e r t  a  
sp read in g  p re ssu re  s im ila r  to  th a t  of f ilm s  on l i q u id
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a u r fa c e s . The aoB onstiration of phase o h a n ^ s  in  tw o- 
d im ensional f ilm s  on w ater has been ex tended  to  th e  ad8ori)ed 
la y e r  by Baujdiam (82) and H arkins (83) and t h e i r  c o l la b o r ­
a to r s .
Gregg (42) has p u t fo rw ard  th e  view th a t  
th e re  i s  a  c o n s id e ra b le  degree o f resem blance between 
in s o lu b le  f i lm s  on w ate r and adsorbed  f i lm s  on s o l id s .
Gregg and llaggs (8 4 ) , have d e riv e d  an eq u a tio n  r e l a t i n g  
th e  e q u ilib r iu m  p re ssu re  th e  tw o-dim ensional com press­
i b i l i t y  (/3) anu they  claim  th a t  a  p lo t  o f/3  a,?:aln8t  log^gP  
re v e a ls  ptiase changes in  the  adsorbed  la y e r .  They c l a s s i f y  
se v e ra l ty p es  o f t ia n s fo ru a t lo n s  and suggest t h a t  a l l  occu r 
"befo re  Wie m onolayer i s  com pleted. The c o m p re s s ib il i ty  
f a l l s  to  a  minimum a t  th e  approxim ate va lue  f o r  th e  
monolayer com pletion  and then b eg in s  to  in c re a se  a g a in , b u t 
does no t sub seq u en tly  f a l l .
H arkins and J u ra  have a l s o  compared th e  
adsorbed la y e r  on s o l id s  w ith  in s o lu b le  f ilm s  <mi w a te r  (83 ) 
and have f u r th e r  assumed ti^iat th e  s acie equations o f s t a t e  
apply  to  b o th  s e t s  o f a im s . They d i f f e r  from G refg in  
b e l ie v in g  t h a t  i^ a s a  changes do n o t n e c e s s a r i ly  p recede 
m u lti la y e r  f o m a t io n .  They have a l s o  p u b lish ed  two methods 
f o r  th e  d e te rm in a tio n  of th e  s u r fa c e  a re a  of s o l id s .  One, 
an "ab so lu te"  method (83)> Invo lves measurement o f th e  h e a t 
o f immersion of a  s o l id ,  p re v io u s ly  s a tu r a te d  by exposure  
to  vapour, in  an extrem ely  s e n s i t iv e  c a lo r im e te r . Tiie 
" r e la t iv e "  method r e l i e s  on th e  use  o f a  g en e ra l
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eq ua tion  to  in t e r p r e t  ad so rp tio n  d a ta  (86 ) .
The general eq u a tio n  may be e x p re s se d :-
v/here v i s  th e  volume of vapour adsorbed  a t  p re ssu re  p ,
Vq i s  the s a tu r a t io n  vapour p re s s u re ,  S i s  th e  s u rfa c e  a re a  
and B and k a re  c o n s ta n ts . As lo n g  as th e re  i s  one phase 
on ly , a  p lo t  of log^o ^/pq  af^&lnst should  g iv e  a
s t r a ig h t  l i n e ,  having slope -kS ^ . «ben t h i s  eq u a tio n  
can be a p p lie d , a s t r a ig h t  l i n e  i s  g e n e ra lly  o b ta in ed  over 
th e  range 0 .0 )  o . ) ) .  The value  of S can th e r e fo re
be determ ined  i f  k i s  known. H arkins and J u ra  assume k 
to  be independen t of th e  s o l id  f o r  a  g iven  s or b a te ,  and 
determ ine i t  by measurements on a s o l id  of known s u r fa c e  
a re a  -  determ ined  by th e  "absolute** method. Very few 
k va lu es  have been determ ined and th e  method i s  of l im i te d  
u se .
L iv in g s to n  (87) has q u e s tio n e d  th e  constancy  
of k . H arkins has based th e  assum ption on th e  f a c t  t h a t  
th e  equa tio n  o f s t a t e  of condensed f ilm s  on an aqueous 
s u b s tra ta  i s  n o t ap p rec iab ly  a l t e r e d  by changes i n  pH 
of th e  s u b s t r a te ,  and he assumed th a t  the  eq u a tio n  of s t a t e  
o f a  condensed adsorbed film  i s  independent o f th e  s o l i d .  
L iv in g sto n  b e lie v e s  th a t  th e  e f f e c t  o f change of s o l id  
would be f a r  g r e a te r  than th e  change in  pH.
L iv in g s to n  (87) and Emmett (88 ) have bo th  
compared th e  H a rk in s-Ju ra  and B .E .T . methods f o r  d e te rm in ­
in g  su rfa c e  a r e a ,  and have shown th a t  th e  B .E.T.
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constant o must be at lea st )0 for the Harkins-Jura method 
to give a lin ear p lo t, provided that the data follow s  
the B.E.T. equation.
Harkins and Jura (86) calculated the areas 
of nitrogen molecules, using the "absolute" method for  
the determination of surface area, and the B.E.T. method 
for the determination of monolayer adsorption. They quote 
sixteen d ifferen t values, grouped mainly round three peaks, 
the sm allest ly in g  close to that calculated from the 
density of so lid  nitrogen ( l ) .6  2?) and the largest c lose  
to that calculated using the density of the bulk liq u id
(16,8  S?)
In the foregoing pages an attempt has been 
made to present a b rief survey of the various theories 
of adsorption, and to point out th eir  merits and lim ita tio n s .
The present work was undertaken in an attempt 
to obtain evidence for the v a lid ity  or otherwise of the 
capillary condensation theory and the ' open pore* theory 
of h ysteresis .
Foster has carried out a detailed  investigation  
of the adsorption of the a liphatic alcohols fromnethyl 
to n-butyl on s i l i c a  and ferr ic  oxide gels ( ) , 89 ,4 0 ) .  He 
found that there was no appreciable chw^c in  the s iz e  of 
the hysteresis loop as the size  of the molecule increased, 
although water, with a smaller molecule, showed a much larger  
loop. He was able to obtain consistent values of the 
pore radius, calculaited by means of the Felvln equation.
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Examination of the amounts of sorbate held in the monolayer, 
determined by what i s  now known as the Point A method, 
gave d ifferen t resu lts for the two g e ls . In the case of 
ferr ic  oxide,the amounts adsorbed corresponded to a constant 
number of molecules. Foster rejected the theory of a 
constant number of active centres, and assumed instead that 
the molecules were oriented perpendicularly to the surface 
of the sorbent; orientation being due to  the active -OH 
group. In view of the constant radius of the hydrocarbon 
chain, th is assumption does not c o n flic t  with the existence  
of a constant surface area for the sorbent. In the case 
of s i l i c a  g e l ,  evidence was in favour of random orientation .
This work was extended by Broad and Poster 
(2,32) who investigated  the e f fe c t  of the nature end s iz e  
of the swisorbed molecule on these sorbents. They were 
able to find  eviaenoe for the orientation of acetic  acid  
and n-octane on ferr ic  oxide gel (the former was a lso  
ohemisorbed) but other resu lts  on th is  g e l, and on two 
s i l i c a  g e ls , gave no evidence for  orientation.
S ilic a  gel A, which had fin e  pores, gave a 
hysteresis loop with water only; the other isothermals 
being completely reversib le. This ge l was unusual in  that 
the volumes adsorbed at saturation did not obey Gurwitsch's 
Rule (25). Broad and Poster pointed out that th is  
phenomenon, Icnown as 'persorptlon', could be explained by 
the assumption of tapering c a p illa r ie s , open at th eir  
wider ends (2 6 ) .
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Only a few measurements were ctirried out on 
S ilica  gel B, and i t  has already been mentioned that the 
hysteresis loop, which was present in every case, had 
shrunk to almost n eg lig ib le  dimensions in  the 0IO2B- 
trietliylamlne system.
Pore rad ii were calculated by means of the 
Kelvin equation, and good agreement was obtained after  
allowance had been made for the thickness of the adsorbed 
layer.
As an extension to th is  work, i t  was decided to  
investigate the adsorption of another homologous ser ie s  on 
ferr ic  oxide and s i l i c a  g e ls , as the data obtained would 
be valuable for further in vestigations into the problem 
of orientation and the e ffec t of the s ize  of the molecule 
on the hysteresis loop.
Ttie choice of the actual ser ies was governed mainly 
by suitable vapour pressures, although chemical nature had 
also to be considered.
In the f i r s t  case, the adsorption of the stra igh t 
chain a liphatic amines was studied, using a standard 
gravimetric technique in  every case except that ofethyl-  
amine. The investigation  was thm extended to include 
molecules of a d ifferen t structural type, although s t i l l  
containing the group. I t  was hoped to obtaiiyevidenoe
for orientation by including ethylene diamine, cyclohexyl- 
amine and tertiary  butylamine. lyrid in e was also studied, 
to see in  what way the shape of the isothermal d iffered
! rÿl, 1.23  :
when a ring compound was adsorbed.
F inally  the surface areas of the sorbents 
were measured, using the B.E.T. gas adsorption technique, 
as i t  was hoped that these values would serve to confirm 
values of the surface areas calculated from other relations.'
m & .  I
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SECTION I I .  aXPtiSXMaKTAL
A. Materials
(1 ) The Sorbents
(a) Ferrio Oxjbe Gel. Samples of a batch of
gel prepared by Broad ana Foster, according to the 
instructions of Lambert and Clark ( l ) ,  and used by them 
for their investigations (2 ), were used throughout th is  
work.
Isothermals of water and ethyl alcohol 
were determined, partly to se t a standard for ocraparison 
with la ter  r e su lts , and partly to see to  what extent the 
structure of the gel had altered by 'ageing' (as no 
investigations had been carried out on th is  g e l since 1939)»
(b) S ilica  Gels. Supplies of the gels  used 
by Foster in  previous Investigations (3 ) , designated A 
and B by him, were low and i t  was necessary to look for  
new g e ls .
S ilic a  gel G was obtained from a Ministry 
of Supply drying container, and was s lig h tly  brown in  
colour, possib ly due to the presence of iron or organic 
im purities. The gel gave a water isothermal of rather 
unusual type. The ethyl alcohol isothermal indicated that 
the gel was of type B in  that a h ysteresis loop was obtained, 
but tho shape of the curve showed that the gel d iffered  
considerably from s i l i c a  gel B used by Foster, Several 
isothermals were determined on th is  gel and are described  
la te r , but i t  became obvious that consistent resu lts  could
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not, be o b ta in ed  u n less  h igh  a c t iv a t io n  te o p e ra tu re s ,  
in v o lv in g  th e  use of a  q u a rtz  c o n ta in e r ,  could  be employed. 
A ccord ing ly , in v e s t ig a t io n s  were d isc o n tin u e d .
S il ic a  gel Bp was obtained from a S il ic a  Gel 
Company balance dryer and was available in  a small 
quantity only. I t  was of in terest as i t  gave an ethyl 
alcohol isothermal comparing well with that obtained 
by Foster on the gel designated SiOpB (3 ).
S ilic a  gel D was obtained from the S il ic a  
Gel Company. The ethyl alcohol isothermal showed a larger  
h ysteresis loop than that obtained with s i l ic a  gel Bp.
Water C ontent of S i l i c a
The gels were stored in  b o ttles  with well 
f i t t in g  stoppers. The removal of samples for experiments, 
however, necessita ted  exposure to the atmosphere and some 
adsorption of moisture. In consequence the to ta l water 
content, and the water content a fter  activation by the 
standard conditions employed in  these experimtaits, were 
determined on two samples removed at the same time.
The to ta l water content was determined by 
heating a weighed sample to constant weight in  a platinum 
crucible, using a Maker burner. During th is  process the 
g e ls , which were in i t ia l ly  translucent and cry sta llin e  
in  form, became opaque and ' d ia lk y .'
The second sample was heated in  a vacuum for  
sixteen hours at the standard activation  tmspsrature, 
which d iffered  for each g e l. The loss of water was 
determined and hence, by d ifference, the residual water
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content of the gels during the detei^lnation of the 
isotherœals*
The figures obtained, vfhlch are quoted in  
Table I l . l ,  are necessarily approxLf.ate, as no allov/ance 
was made for the vacuum conditions of one determination, 
but they serve to  ooæpare the water contents of the 
three gels under the conditions of the experiments.
Table 11.1  Percenta5?e Water U ont ont of S ilic a  Gels
A c tiv a tio n  tem pera tu re  
Sorbent 1 %% 200% j6o%
3 1 1 )2 8 2  1 * 1  —
^1020 ).8  ).0  1.2  
*2^SiOgD -  2 .3
The brown colour of s i l i c a  gel 0 has already- 
been mentioned. Evacuation at '}6 o ^ 0  caused an in te n s if i­
cation of t^iis colour, some pai‘tlG les becoming almost black. 
As th is  coloration disappeared completely when the gel 
was heated strongly, i t  was obvious that some organic 
impurity was present. The water coi&mt estimations are 
therefore too high, as the figure for to ta l water content 
(8)() i s  rea lly  an estimate of to ta l water and organic 
impurity content.
As these determinations were not cajried out 
until work on s i l i c a  gel C had been discontinued, no attempt 
was made to purify the g e l. However, the rather irregular  
resu lts obtained when some of the higher amines were 
adsorbed on th is  gel oan probably be explained by the higher
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water oontent of SlOgC as eoujpara'l with 3IO2B and SlOgD, 
as well as by the presence of the organic impurity.
I t  i s  possible that Uie residual water oontent plays no 
small part in  view of the wall )mown hygi’oscopic nature 
of the amines-
(2 ) In it ia l  pur ifica tio n  of the sorbates
(a) Water, Laboratory d istd.lied water was used.> •     . ^
(b ) atliyl a lc o h o l. A b so lu te ly  dry alocâiol 
was p repared  by d i s t i l l i n g  99^ e th y l a lco h o l w ith  magnesium 
and f r a c t io n a t in g  th e  d i s t i l l a t e .  Ihe  f r a c t io n  b o i l in g
at J8.2 -  98.3OG.wa3 co llected .
(0) Ethylene diamine. The amine was purified  
by the method of Putnem and Kobe (4 ) in  order to free  i t  
from ethylene diamine hydrate, which has nearly id en tica l 
physical properties.
100 gm. ethylene diamine {supplied by 
L. Lif^t end Go. Ltd.) was heated for  ten hours with 
47 gm. of sodium hydroxide end 3 g®» of water in  an o il  
b0,th. The solution  separated in to  two layers above 60*0.
The top layer was decanted and l e f t  overnight on 25 gm. of 
so lid  sodium hydroxide. ïîie liq u id  was decanted, refluxed  
for four hours with sodium, d is t i l le d  in to  a fla sk  
containing fresh ly  out sodium and refluxed for a further 
period of four hours. The ethylene diamine was then 
fractionsilly d is t i l le d , and the portion boiling  at 116.1 -  
116.4*0 . was co llected  over sodium.
(d) t-Butylamine. t-Butylurea was prepared
by the method of Harvey and Gaplan (5)»
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107 of canceniraved sulpiiuric aoid (>94^)
was add&d, 'with stirr in g , to 6o gn. of urea in  a l i t r e
I
beaker. Trie temperature was kept below 7  ^ G. during the 
addition. The mixture was l e f t  to stand at about 6o%- 
u ntil a ll the so lid  had dissolved. 148 gii. of r e d is t i l le d  
t-butyl alcohol was then added, 'with stirrin g; the 
temperature s t i l l  being kept below 70%.
The mixtiii'c )?as l e f t  to  stand at room temperature 
for twenty hours and was t i^en d iluted  with 1200 ml. of 
water. Crystals of mono-tertiary butylurea were thrown 
out and f i l t e r e d  o ff . The f i l t r a t e  was neutralised with  
d ila te  sodium hydroxide solution and the further crop of 
crystals f i l t e r e d  o ff . I5ie crude product was recry sta llised  
from etiiyl alcohol. '
Xield of rearystgdiised product = 4 ) .  5 gm.
Melting point = 179 . 5 0^ . 
t-Butylui^ea was oonvertea to v-butylphthalimide 
by the me thou of üaith ana Iflaerson (6 ). ) )  gm. of t-b u ty l‘
urea was thoroughly caixea wxth 100 gqa. of phthalic 
antiydride and placed in  a l i t r e  f la sk , wliich was plunged 
into an o il  bath at 200% • iifter  ton minutes Uxe in i t ia l
vigorous effervescence subsiaed, anu the temperature of the 
bath was raised to 24^ 0. and. maintained for f iv e  minutes.
100 ml. of etliyl alcohol was added to d issolve part of the 
cooled product, and the mixtux’e was maue alkaline to litmus 
with sodium cai'bonavo solution . 900 ml. of water was then 
added, and the so lid  f ilte r e d  at the pump and pressed as 
dry as p ossib le .
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The crude t-butylj^thalim ide was warmed with 
500 tal. of petroleum ether (B»pt.6ü-8ü*C9 and the hot 
mixture f i l t e r e d . The f i l t r a t e  was allowed to cool wid 
was f i l te r e d  from a muall amount of so lid  m aterial, 
which sepai'ated at room temperature.
The petroleum ether solution was concentrated 
to about one-third of i t s  original volume, end was l e f t  in  
a refrigerator. The t-butyl%d)thalimlde which separated 
was f ilte r e d  at the pump and pressed Jxy.
Yield » 40 .2  gjD. M.pt. = 59-6*0 .
A fu rth ie r 3 gm. was ob ta ined  by c o n c e n tra tio n  of Wie 
f i l t r a t e .
The t-b u ty l^ th a l imide was converted to  
t-l5utylamlne hydrochloride by the action of Ijyoraaine 
hydrate {'})•
33 gm- of t-butylï^thalim ide and 10 @n. of 
92JÏ hyarazine hydrate wore warmed in 75 ® -^ of ethyl alcohol. 
A white gelatinous precipitate was soon formed, and th is  
was decomposed by worming with 75 tnl- of 20X hydrochloric 
aoid. Tho Insoluble #ith@lylhydraslde which was formed 
was fUtorod o ff and washed with o llu te  hydrochloric acid , 
and the aqueous solution of t-butylamine hydrochloride 
was evaporated to dryness.
The oruua product was recrysta llised  from ethyl 
alcohol and, a fter  drying, was treated with excess 
potassium hydroxide solution anu d is t i l le d .  t-Butylamine 
was co llected  over sodium in  a receiver, cooled with 
l e e  and s a l t .  I t  was allowed to  s tand  over sodium u n t i l
n . 7 .  I
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effervescence ceased and was then fraction a lly  d is t i l le d  
on to fresh sodium. The product seemed very pure and the 
large fraction  boilin g  at 43.8 -  4 3 .9°G.was co llected .
Yield = approximately 12 ml.
(s )  Normal aliiAiatic amines. n-Propylamlne, 
n-butylamine, n-amylamine, n-hexylamine and n-heptylamine 
were supplied by L. Light and Co. L td., and were p u rified  by 
refluxLng with sodium for four to s ix  hours, followed by 
two fractional d is t il la t io n s ;  the d is t i l la t e  being collecte*  
over fresh ly  cut sodium each tim e.
Sthylamine was allowed to stand over fresh ly  
out sodium in  a fla sk , f it te d  with a drying tube, which 
was immersed in  melting ic e , u n til effervescence ceased.
Three to four days was su ff ic ie n t. I t  was then fractionated. 
The boilin g  points of the retained fractions of the amines 
are given in  Table I I .2 .
Table I I .2 . Boiling' Points of Miines
Ethyl amine l 6 . 5 C^.
n-Propylamine 48.6 -  4 8 . 7° G.
n-Eutylamine 77.6 -  77.8*0.
n-Anylaiiilne 104 . 2*0. _
n-Hexylamine 132,5 -  132.7*0.
n-Heptyl amine 156.0*0.
Cyclohaxylamine 134.0  -  134. 2*0 .
( f  ) Qyolohexylamine. The amine was p u rified  
in  the same way and the b o ilin g  point of the co llected  
fraction i s  recorded in  Table I I .2 .
II .8  ‘
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(g) Pyridine. Tsohnical pyridine was p orified  j
by the method of Heap, Jones and Speakman (8 ) . After 
d ^ in g  with so lid  sodium hydroxide, i t  was d is t i l le d  
through an e f f ic ie n t  fractionating column and the fraction  
b o ilin g  at 113-117%. was co llec ted . 100 ml. of r e d is t i l le d  
pyridine was added to a reagent prej)ared by d isso lv in g  
85 gn. of zinc chloride in  73 ml- of Water, 35 ml. of 
concentrated hydrochloric aoid and 69 ml. of r e c t if ie d  sp ir it ,  
The cry sta llin e  addition compound formed was f i l t e r e d  o ff  
and reorysta llised  twice from dry alcohol. The base was 
liberated  by addition of a concentrated solution  of
26.7 gn. of sodiijm hydroxide to 100 ga. of recry sta llised  
compound, f i l t e r in g  from the p recip ita te  and drying over 
sodium hydroxide p e lle ts . The pyridine was fractionated  
and the portion which boiled at 115-3%. was co llec ted .
The f i n a l  p u r i f i c a t i o n  of th e  so rb e t es 
i s  d e sc rib e d  d u rin g  th e  account of th e  experim en ta l 
tech n iq u e .
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B. BxperlmeHtal technique
( l )  General remarks
The whole of th is  work was carried out under 
high vacuum conditions.
In order to obtain adsorption or desorption  
isothermals two quantities were required:t
(a) the quantity of sorbate associated with 
a standard quantity of sorbent;
(b) the pressure exerted by the sorbate over
the sorbent.
The former was obtained by d irect weighing, 
using a detachable container, except in the case of 
ethylamine, for which a new technique was developed.
(This w ill be described at a la te r  stage). At h i ^  
pressures the number of d irect w a it in g s  could be reduced, 
to some exten t, by the mnployment of the 'pressure change' 
technique, but, in  view of the rather small 'dead-space' 
in  the apparatus, the use of th is  method was lim ited .
Pressures were measured using a \side-bore 
mercury manometer; the d ifference in  h e i^ t  being 
measured by a cathetometer. For sorbates having a 
saturation vapour pressure lower than I5  mm. at the 
experimental temperature a specia l low pressure manometer 
was used. This w ill be desoribed at a la te r  stage.
Before the construction of the apparatus a l l  
the glass tubing, taps, ground jo in ts  and pieces of 
apparatus were soaked in  chromic aoid o v e m i^ t , washed
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with d is t i l le d  water, mid dried in  a steam oven.
At the completion of the set of experiments 
with eadi sorbate, the container, manometer and other 
detachable parts of the apparatus were removed and cleaned 
in  the same manner. The taps were cleaned and re-greased  
(as some amine always became d isso lved  in  the tap-grease) 
and the apparatus was evacuated for s ix  hours, to  remove 
a l l  traces of vapour, before the introduction of the next 
sorbate.
(2 ) Description of the apparatus
For a diagrammatic sketch of the apparatus 
see F ig .I I . l .  The major part was constructed in  soda g la ss .
D was a pyrex container for the sorbent f i t t e d  
with an accurately ground tap leading to a side-arm. The 
side-arm ended with a ground glass cone (B.1 4 ) which f i t t e d  
in to  correspondirg sockets:
(a) on the manometer M to form the jo in t J;
(b) at the far end of the apparatus to form the jo in t  
J2 (for the I n it ia l  activa tion ).
The taps T^  ^ and T2 served for the evacuation 
of the 'open' and 'closed' limbs of the manometer.
A cone and socket jo in t attadied the mano­
meter to the rest of the apparatus.
The container tap and taps T^, Tg, were a l l  
of the mercury seal type and the container and manometer 
were inmersed in a thermostat up to the le v e l of the cups. 
The thermostat was e le c tr ic a lly  controlled , the temperature
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being maintained at 25.00%. ± 0.05%. for  most of thé 
isothenaals. For the isothermals which were determined 
at ooq., the contaâner was icKuersod up to the le v e l of 
the side-arm in  a large Dewar v esse l containing m elting ic e .
The manometer was illum l.iated from behind 
by a 40 watt e le c tr ic  bulb, which was partly ismersed in  
the water, and a f ia t  motal p late  controlled by a long  
wire tiandle was arranged before eadi reading so that the 
top of the meniscus was just illum inated. By th is  means 
reflectio n  e ffe c ts  were elim inated, thus preventing errors 
in  the apparent position  of the meniscus.
The cathetometer was fixed  r ig id ly  on a 
metal p late in  front of the manometer and was se n s it iv e  to 
0.02 mm.
?1, ?2, P3 were small bulbs of about 2 ml. 
capacity attached to the apparatus by ground jo in ts  (B.IO).
V was a detac^iable trap which was immersed 
in  liq u id  a ir , and served to condense vapours before they 
reached the pumping system.
T-j was a three-way tap connecting the 
apTjaratus to the pimps or to an a ir  leak L.
The evacuating system consisted of an 
Edwards "Speed!vac" unit -  comprising a two-stage mercury 
diffusion  pump and a rotary oil-pump.
Tlie furnace H was used for  the preliminary 
activation  of the scibent and was a tubular e le c tr ic  
furnace made by embedding a heating co il of niohrcme wire
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in  a hollow of asbestos (9 ).
B was the 'storage' bulb for the hygroscopic j 
sorbates and K m.s a narrow-bore mercury manoaetsr, of 
greater than barometric height, f i t t e d  with a wooden sc a le ,,  
with which i t  was orig inally  hoped to measure saturation  
vapour pressures. This proved im practicable, however, 
owing to the solvent action of the saturated vapours on 
the tap-grease when l e f t  for  long periods,and H was l e f t  
in  the apparatus to detect sudden leaks due to th is  solvent 
action on taps Tg, Tg, T^q, and on the waxed jo in ts  in  the 
system.
The container tap and taps Tj^  and Tg were 
greased with Edwards' Vacuum Or ease (hard grade),
while the other taps in  the system and the ground jo in t  
on the liq u id  a ir  trap were lubricated with Apiezon 
Grease K. The jo in t at G was lubricated with S ilicon e ^  
H t^  Vacuum Grease (Dow Corning), but, althou^ th is  resisted  
the solvent action of the amines, i t  was not used fo r  the 
other taps in  the apparatus. After a short tri&  i t  was 
found that the grease did not hold o.s hard a vacuum as 
the Apiezon grease over a l<aig period, and.that the co n sist­
ency of the grease was such that the taps showed some 
tendency to 'se iz e  up’ a fter  only short use.
Apiezon wax was used on a l l  waxed jo in ts  in  
the appauratus.
(3) Determination of the isothermal
(a) Activation of the sorbent. For preliminary
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tre a tm en t th e  e n t i r e  b a tch es  of g e l were h ea ted  i n  an 
a i r  oven a t  120% . f o r  a  few hours and evacuated  a t  
i n t e r v a l s  by a  f i l t e r  pump. A pproxim ately two grams o f
S iso rb en t were u sed  in  each experim ent w ith  81020, SiOgD * £ 
and P02O3 , and 1 gram o f so rb en t i n  each experim ent w ith  
S102B2*
The samples were evacuated  a t  an e le v a te d  
tem pera tu re  (which was v a r ie d  f o r  th e  s i l i c a  g e ls  -  th e  
in d iv id u a l tem p era tu res  w il l  be quo ted  w ith  th e  r e s u l t s  -  
b u t  Was c o n s is te n t ly  150% . f o r  th e  f e r r i c  oxide g e l ) 
f o r  n o t l e s s  th a n  l b  hours in  o rd e r  t o  remove a l l  v o l a t i l e  
adsorbed su b s ta n c e s . The b u lb  and stem of the  c o n ta in e r  
were com plete ly  en c lo sed  by th e  fu rn a c e , th e  mouth of 
which was packed w ith  a sb e s to s  f i b r e ,  d u rin g  t h i s  
ev acu a tio n .
Owing to  in c o n s is te n c ie s  in  the  c u r r a i t  
supp ly , a l l  a c t iv a t io n  tem p era tu res  quo ted  a re  s u b je c t  
to  an e r r o r  o f - 5%., t h i s  b e in g  th e  e x te n t  of th e  
f lu c tu a t io n  d u rin g  th e  a c t iv a t io n  p e r io d .
F or the  d e te rm in a tio n  of th e  w eight of a c t iv e  
so rb en t fo u r  w e ld in g s  were n e c e ssa ry :
(a )  Weight of empty c o n ta in e r ;
(ta) W e i^ t  of c o n ta in e r  and u n a o tiv a te d  g e l .
The d if fe re n c e  between th ese  two gave th e  w e i^ it  o f unao tivat»  
ed so rb en t ta k e n ;
(o) W e i^ t  of c o n ta in e r  and so rb e n t a f t e r  g re a s in g
ta p ;
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(d) Weight, a fter  activation .
The difference between (c) and (d) gave the 
lo s s  of weight on activation  which, when subtracted from 
the weight of unaotivated sorbent, gave the weight of 
active sorbent.
Before each weigiing the container was wiped 
with ether (to  remove wax) and alcohol (to remove water) 
and dried with a clean d o th .
(b) Final purification  of sorbate. 'Hie water 
and ethyl alcohol were placed d irec tly  in one of the small 
freezing bulbs P2 or F  ^ and frozen out by im m ersion in  a 
Dewar fla sk  containing liq u id  a ir  and opening to the pumps 
at the same time. The tap was then closed and the bulb 
allowed to warm up to  room temperature, when any d isso lved  
gases were evolved. This process of freezing and warming 
was repeated three or four tim es, which was su ff ic ie n t to  
ensure that every trace of d issolved  permanent gas had been 
removed.
The sorbates were then d is t i l le d  from one bulb 
to the other, using liq u id  a ir  and rejectin g  the f i r s t  and 
la s t  fractions in  each case.
The amines were fra ctio n a lly  d is t i l le d  over sodium 
from a Claisen fla sk . The middle fraction  was co llec ted  
in  a fla sk  containing sodium, by means of axi adaptor f i t t e d  
with a calcium chloride tube and a tap, lubricated with 
a very small quantity of s ilico n e  high vacuum grease.
When the required fraction  had been co llec ted .
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the tap was closed , the calcium chloride tube sealed o f f ,  
and the fla sk  and adaptor transferred to a ground jo in t on 
the main apparatus (A, C, F ig .I I . l ) .  By th is  device the 
entry of moisture was prevented.
The liq u id  was then frozen out in  liq u id  a ir  
and the gases evolved were pumped o ff . A f i r s t  fraction  
was then pumped o ff , and the amine d is t i l le d  on to sodium 
in  the bulb B, which was inmersed in liq u id  a ir . The 
adaptor and fla sk  were sealed cf f  by means of the cap illary  
at C.
Pyridine could not be d is t i l le d  from sodium 
because of the formation of d ipyridyls. I t  was d is t i l le d  
from sodium hydroxide, transferred in  the same manner, and 
stored without a drying agent.
%hm the sorbate was required, i t  was d is t i l le d  
into Fg or F  ^ and frozen out several tim es. Any remaining 
in  the small bulb, after the gel had been saturated, was 
returned to the storage bulb B, to ensure that i t  was kept 
dry.
(d) Saturation of Sorbent. The activated sorbent 
was cooled, by surrounding the container by cotton wool 
moistened with a l i t t l e  ether, and opened to  the pure 
liqu id  sorbate. %hen su ffic ien t liq u id  had d is t i l le d  on 
to the sorbent ( i t  became moist and adhered to the wall 
of the container), the tap was closed , and the container 
transferred to the manometer.
In the case of water and ethyl alcohol
I I . l 6 .
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the saturated sorbent was l e f t  overnight to  s e t t le ,  but 
th is  was not possib le with the lower amines, owing to 
solvent action at high vapour pressures, and desorption  
was begun immediately a fter  the period of evacuation (one 
hour) necessary to remove a ll adsorbed a ir  from the 
w alls of the apparatus.
The higher amines, having lower vapour pressures, 
did not attack the tap grease so read ily , and in  some 
oases, notably with 810282» i t  was necessary to leave the 
saturated g e l for a day or two before equilibrium was 
established.
In most oases, however, i t  was apparent that 
equilibrium had been reached before the determination of 
the isothermal began.
(d) The desorption isotherm al. After evacuation, 
the manometric system was closed from the pumps, and the 
container opened up. As the gel was normally saturated  
the pressure was the saturation pressure of the pure 
sorbate. This was checked before each isothermal was 
determined. By closing the container tap and opening T^, 
leaving T2 and T^  closed, T^ ]^  open and liq u id  a ir  surround­
ing P^, the presence of any permanent gas could be 
detected. In the absence of a McLeod gauge, th is  device 
was employed in  the early  stages of the work. The "open" 
limb of the manometer was then pumped out fo r  a short wtiile 
and the container tap opened again, the pressure being 
noted. This was repeated u n til the pressure f e l l  just
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below the saturation vapour pressure value, when the 
container was closed, removed and w e ired .
Successive pressure readings were then taken, 
and the amount of vapour contained in  the dead space was 
pumped o ff in  between each. Tliis i s  loiovai as the 'pressure 
change' technique. This process could only be carried out 
for f iv e  or s ix  readings owing to the fa ir ly  small volume 
of tl% 'dead space'. The quantity of vapour removed 
each tiDoe than became inconveniently sm all. The container 
was w e ired  again and the actual w e i^ t  of vapour removed 
each time was calculated as fo llow s:
I f  Aq mg. of vapour per gram of sorbent i s  removed 
between two we innings and ^p i s  the summation of the 
pressure readings between these two points, then 
Aq X p mg. vapour i s  ranoved per reading, where p i s  the 
pressure recorded by the manometer before pumping o f f .
The s lif^ tm r ia tio n  of the volume of the 
'dead space' with the pressure introduces only a n eg lig ib le  
error.
The remaining points were obtained by opening 
the container d irect to the pimps, for  a few seconds at 
f i r s t ,  then for increasingly longer in terv a ls , and the 
amount of adsorbed vapour deteimined by d irect w e ir in g .
The resu lts obtained by the 'pressure chauige' 
tedrmique were not en tire ly  trustworthy, and were usually  
checked by a w e ir e d  point when the isothermal was repeated. 
I t  was noticed on several occasions that, when the nearly
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saturated gel was opened to a vacuum, the pressure rose / ^
to a maximum value and then f e l l  gradually. This was 
attributed to the solution of a small amount of amine in  
the fresh grease of the manometer tap. After the f i r s t  
point had been determined, th is  e ffe c t  was no longer observed, 
and i t  was assumed that the grease had become saturated.
A good vacuum could always be obtained a fter  
evacuation la s t in g  for a period of one hour, and th is  
persisted when the system was cut o ff  from the liq u id  a ir  
trap. As the grease smelt strongly of amine, when the tap 
was removed, i t  was assumed that the la tte r  was fa ir ly  
strongly held, and, a fter the in i t ia l  amine take-up was 
allowed fo r , would not contribute a large error to the 
resu lts . Accordingly, the practice was adopted of allowing  
the container holding the saturated gel to remain open for 
a while, so that the grease on the manometer tap became 
saturated, before the pressure was reduced below the 
saturation value.
In a l l  cases when * pressure change* readings 
were begun from saturation pressure, wltl out allowing for  
th is e ffe c t , erroneous resu lts were obtained.
In view of th is  d if f ic u lty , the shape of the 
isothermal as the gel approached saturation was not studied  
c lo se ly , and isothermals are p lotted  as though the pressure 
f a i l s  sharply from the satiu*ation value.
(0) The Adsorption Isothermal. The open limb 
of the manometer was f i l l e d  with vapour from the freezing
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bulb and the container tap opened. The sorbent was 
l e f t  in contact with the vapour from the freezing bulb 
until the required amenant of vapour had been adsorbed 
(indicated by the pressure), when the manometer was shut 
o ff from the freezing bulb and the system le f t  to s e t t le  
down. Equilibrium was generally attained after two hours, 
but a longer time was necessary for saae resu lts for SiÜ2B2.
(4 ) The low pressure manometer.
(a) D csim . A diagram i s  shown in  P ig .I I .2 .
The manometer was made of pyrex g la ss . %e bore of the wide 
part of the limbs was 2 . )  cm. and that of the narrow part 
1 cm.
Clean, freshly d is t i l le d  mercury was put in to  
the manometer u n til the lev e l was half-way up the wide part 
of each limb, and dry, freshly d is t i l le d  dibutyl phthalate 
was introduced on the vacuum side of the manometer, u n til 
the wide portion was just f i l l e d .
By tliis  arrangonent movement of the mercury 
in  the l e f t  hand limb of the manometer was magnified three­
fo ld  by movement of the dibutyl phthalate in the right 
hand limb.
Even though the dibutyl phthalate was dry and 
freshly d is t i l le d , when th is limb of the manometer was shut 
off there was seme tendency for a s lig h t pressure to develop, 
over a period of a few hours. In consequence, th is limb 
was kept open to the pumps while readings were taken, and 
the zero was checked after  each reading.
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(b) C alibration. It was necessary to determine 
the height of the dibutyl phthalate oolutan for several 
d efin ite  pressures.
The manometer was waxed, in to  position  in  the 
vacuum lin e  and a container holding a l i t t l e  d is t i l le d  
water was waxed on to the socket in place of the container 
holding the g e l.
The system was evacuated for s ix  hours; the 
water in  the container being frozen out several tiroes duripg 
th is period.
A ser ies  of organic so lvents, with melting 
points ranging from -  ) 0 C^. to 11 ^ G., was carefully p u rified .
A Dewar flask  was f i l l e d  half fu l l  with each 
solvent, and liq u id  a ir was poured in , the solvent being 
well stirred , u n til the freezing point was reached. The 
temperature was noted by means of a mercury Uiermometer 
reading from -  to The container was immersed
in th is freezing mixture, and several readings of the pressure 
followed by zero readings, were determined. when steady 
values were obtained the freezing mixture was changed.
A specimen r e s u lt ,,  which is  shown in Table I I . ) ,
-  ■ ■
indicates the agreement that was obtained. j
Table 11. 4 . gives the values that wei*e ‘
determined for the series of solvents, and the calibration
curve i s  p lotted  in P ig .I I .3.
à
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TABLE I I . 3.
Solv en tt Methyl Benzoate. M.Pt. = - 12. .  
Vapour pressure of Ice at - 12 . 5°C. = I .3 6  mm.
( I )  (2 )
Observed h e l^ t  12.42  mm. 12 . 31 otri.
Zero reading 7.6o mn.______ 7.51  mm.
Actual height 4 .82  mm. 4 .80  mm.
Mean value;- 4.81  am.
TABLE I I .4 .
Solvent UPt.Oc. Water Vapour 
pressure.mmi
Brcmbenzene 
Methyl benzoate 
Aniline
Metlij/l sa lic y la te  
Melting ic e  
Benzene 
Bioxan.
-30 .6  ( ic e )  0 .25
-12 .5  ( ic e )  1.56
-  6.2 (water) 2.89
— 1 . 2 (—8 .6 )(  " ,)  4 .2 0
0.0 4.58
3 .2(3 .3) 6,64
1 1 .6  10.24
( 3 )
12.36 COS. 
7 .5 5  mm.
4 .81  mm.
Height of 
column.mm.
0 .8 0
4.81
9 .0 4
13.38
14 .40
20.60
31.86
Where the observed melting point d iffei-s from that quoted 
in the lite r a tu r e , the la tte r  i s  given in  brackets.
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(5) A pparatus f o r  detei*miningr Iso th e rm a ls  of E thylaoiine
(aj Dcaoriptloii e f  the A pparatus
The entire apparatus which i s  shown in  
F ig .I I .4a, was b u ilt  of Pyrex g la ss . '
Ax, A2, A ,^ A4 were mercury cu t-o ffs with 
sintered glass f i l t e r s .  After some time i t  was discovered  
that the sintered glass would allow the passage of mercury 
when the excess pressure on one side was greater than 'about 
half an atmosphere. The mercury blocked the passage 
of vapours through the sin ters and sometimes was forced into  
the main part of the apparatus.
To remedy th is two sumps”, B, were b u ilt  
on A  ^ and A4 , and #ien the mercury co llected  in the tubing 
above the s in te r s . I t  then ran back to the sump, and, 
by turning the tap, could be returned to the storage b o tt le .  
A small constant amount of mercury was kept above the tap 
to prevent the attack of the tap grease.
The introduction of the sintered <?Lass 
slowed down the rate of evacuation by a considerable amount 
and two ”by-passes” XY, YS were inserted  for the in i t ia l  
evacuation. These were sealed o ff before a run was begun.
M was a mercury manometer, 80 cm. long and 
about 1 .5  cm. bore. It was mounted on a wooden stand and 
had a paper sca le .
C was the container for the adsorbent, 
consisting of a bulb 5 in length and 2 .5  cm. in  diameter. 
I t  was joined to the main skeleton ©f the appai*atus by a 
tube 12 cm. in  length.
I I . 2).
D was a device for breaking a bulb in  a vacuum.
The small tube of liq u id  was placed in a side arm at K and 
the capillary allowed to protrude across the main tube*
F was a small sealed glass tube, containing a piece of so ft  
iron packed round with iron f i l in g s .  By means of a strong 
magnet F could be moved to the bend of the tube and allowed 
to f a l l  and smash the cap illary .
G was a three-tiered framework supporting small 
bulbs of thin g la ss . These were blora on the end of a 
capillary of about 10 cm. length and were approximate 
1 cm. in  diameter.
The whole apparatus was connected, through a liq u id  
air trap, to a pumping unit consisting of a mercury d iffusion  
pump and a ”Canco” ” hyvao” o il pump.
(b) Preparation of Sealed Tubes of Ethyl amine 
The dry ethylamine was d is t i l le d  from sodium 
in  a Claisen fla sk  into a small f la sk  A ( f i g . I I . 5 ), containing  
sodium, which was cooled in liquid  a ir . The condenser and 
drying tube were then sealed o ff at B, and the system 
thoroughly evacuated. A was immersed in a bath at 15 0^., 
until effervescence ceased, when the ethylaraine was frozen out 
in  liqu id  a ir  and the system re-evacuated. This was repeated 
several times u n til there was no more permanent gas evolved, 
indicating the removal of a ll the moisture from the aimne.
The ethyl amine was d is t i l le d  in to the bulb C, 
and A was sealed c ff  by the cap illary at D.
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While the etliylarcine was imuersed in liq u id  a ir ,  
the entire system was evacuated for sixteen hours; the 
glass being heated with a large luminous flame at in  tor va is .
A f ir s t  fraction  was sealed o ff at E, and a short 
re-evacuation followed. The tap T was closed and the 
mercuiy cu t-off raised.
The ethylaraine was d is t i l le d  in to  the small tubes F. 
These were of 5 bore tubing, and were about 6 ora. in  
length. They were connected to  the apparatus by means of 
a long, f in e  cap illary . Each tube was cooled in  liq u id  a ir , 
u n til i t  was about two-thirds fu l l  of liq u id . The small 
tube and the bulb C were then simultaneously immersed in  
liqu id  a ir , while the capillary was sealed with a small 
oxygen flame, leaving a length of capillary of about 5 ora. 
attached to the tube.
Six tubes of ethylaraine were sealed o ff , and were 
numbered consecutively, and were stored in a refrigerator.
(c) Determination of dead space
The volume of the ”dead space” in  an apparatus of 
th is  type i s  considerable and a correction for i t  must be 
applied to a l l  r e su lts .
In order to keep the dead space constant the level 
of mercury above the tap at B was maintained at 1 ora., and, 
when the cu t-o ffs  A2, were "open” , the mercury le v e l se t  
at H.
Care was a lso  taken, when sealing on the ccaitainer
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c for each run, that the length of the neck was not a ltered .
A small calculated quantity of mex*cury replaced
the gel in  C. A small tube of liq u id  was inserted at E.
/
A fte r  the ap p a ra tu s  had been t e s t e d  f o r  le a k s  i t  was 
evacuated  f o r  e ig h t  hours; th e  tu b in g  be ing  warmed v d th  
a  la rg e  lum inous flam e a t  f re q u e n t i n t e r v a l s .
The ca p illa r ies  at'J  and K were sealed o f f ,  
and, after another short evacuation, the cu t-o ffs were closed  
and the cap illary  of the bulb was broken in  the manner 
already described. A was then opened and C was cooled in  
liq u id  a ir . When a l l  the amine tod d is t i l le d  into the 
container, the capillary at L was sealed.
G was then immersed in  a Dewar fla sk  containing  
melting ic e ,  and the le v e l of the mercury in  A^  was lowered 
to H. When equilibrium was established the pressure was 
read on the paper sca le , by means of a co llar round the limbs 
of the manometer. A2 was closed and A^  opened. One of 
the bulbs at G was immersed in liq u id  a ir , and, when a ll  the 
vapour had condensed in  the bulb, i t  was sealed o ff three- 
quarters of the way up the cap illary , by means of a small 
hot flame.
The freezing mixture round C was replaced by 
one at a lov^er temperature, A^  was closed and A2 opened, 
and the procedure was repeated. This was carried out 
several tim es, using freezing mixtures of gradually 
decreasing temperature.
Each small bulb was broken under excess
11.26
standard d ilu te  hydrochloric acid (known volume) and the 
excess acid was then back-titrated against standard sodium 
hydroxide so lu tion , using brom-cresol green as ind icator.
By th is  means a series of resu lts , which related  
the amo'jnt of vapour in  the dead space to the pressure, was 
obtained (Table I I .5 ) , and a calibration  curve was p lotted  
(P ig .I I .6 ) . The required correction could thus be made 
to  each reading in the determination of an isothermal.
tabü; I I . 5 
Calibration of Apparatus
Temp.Op. Pressure .mam.. Amt. in  dead-
space mg.
0.0  369.9 95-7
3.1 302.4 78.0
8.2 233.4 59.7
14 .0  101.7 26.3
22.8 25.5 6.1
(d) Beteitaination of the Isothermal
The w eigit of active sorbent was determined by 
à preliminary experiment. C. was out o ff from the main 
apparatus and sealed on to a ground glass cone, as shown 
in  P ig .I I .4b . This f it t e d  in to  a socket on an adaptor, 
forming the jointN. The tap, but not N, was greased, and 
the whole container was weighed. Approximately 1 gm. of gel 
was introduced and the container w eld ed  again. The 
difference between the two weigtilnj^s gave the in i t ia l  weight 
of g e l.
N was greased and, a fter  another weigh in*?.
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the container v^ as waxed on to a vacuum lin e  at 0, packed 
in to a furnace up to the ground jo in t N, and evacuated at 
the required taapex*ature for l6  hours. »Vhen the container 
had cooled the cone 0 was cleaned with .ether ana alcohol, 
and the weight was determined.
The difference gave the lo ss  of weight on
9
evacuation and th is  subtracted from the in i t ia l  weight of gel 
gave the weight of active sorbent.
Air was then le t  back on to  the gel and 
the container .cut c f f  at P and sealed on to  the main apparatus,
A bulb of the liquid,amine was wiped with 
alcohol, dried and w e ired , before being introduced in to  
the apparatus at B. When the apparatus was leakproof C was 
surrounded by the furnace, which was regulated at the  
temperature of activation already employed, and the whole 
apparatus was evacuated for 16-24  hours. The sorbate was 
then introduced on to the gel in  the manner already described. 
The pieces of g lass from the broken tube were co llected  and 
weighed. Thus the in i t ia l  weight of amine sorbed was 
determined.
C was then immersed in  liq u id  a ir , and L was 
sealed up. After immersion of C in  melting ic e , the 
mercury in  A2 was lowered to H and the pressure road when 
equilibrium was established. A2 was closed and a small 
amount of the vapour was condensed in  a bulb at G, immersed 
in  liquid a ir , by opening A .^ A^  was closed and the 
pressure noted on opening Ag. This was repeated u n til
II
the pressure f e l l  below the saturation value, when the 
bulb was sealed o ff and the amount o f amine determined in  
the manner already described. Subtraction from the in i t ia l  
weight of amine sorbed and the application of the dead 
space correction gave the amount sorbed on the g e l.
This process was repeated u n til the pressure 
reached a very low value, when the container was surrounded 
by the furnace, with Ag and Aj open, and heated to the 
original evacuation temperature, the vapour desorbed being  
collected  and estimated in the usual manner.
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G. Vapour pressure measuraraonts
Au extensive seax'oh of the litera tu re  revealed  
the absence of re liab le  vapour pressure data for many of 
the sorbates used in th is  in vestigation .
There was no data for n-butylaraine, n-araylautiine, 
n-hexylaiTjine, n-heptylamine, cyclohexylamine and t-butylamine. 
The data for n-propylanine was conflicting, and no sin g le  
value agreed with the pressure recorded above the saturated  
g e ls .
Tlie apparatus used i s  shown in F ig .I I .7.
After the in i t ia l  purification  of the sorbate, 
i t  was d is t i l le d  from sodium in  the Claisen fla sk  A. The 
f ir s t  fraction was rejected and the middle fraction  co llected  
over fresh ly cut sodium in the fla sk  B. The ground jo in t  
was lubricated with s ilico n e  grease.
The 'capillary at 0 was then sealed, and the 
liquid  in B frozen out several tim es, the pumps in  action , 
u n til a ll  permanent gas was removed. The amine was l e f t  
ovem ij^t to complete i t s  drying and was d is t i l le d  to D; 
the f ir s t  fraction  being allowed to pass to the trap V.
The capillary E was sealed and a small amount of 
liq u id  was d is t i l le d  into F, to  which was joined a manometer 
of fa ir ly  narrow bore. The cap illary  at G was f in a lly  sealed .
For values above 0 0^ , the bulb and manometer 
were immersed in  the thermostat. The vapour pressure was 
read d irectly  for a series of temperatures between 20%. 
and )QOG. ( 30% .- 40%. for n-heptylamine). The
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thermaneter was calibrated against a N.P.L. calibrated  
thermometer. Vapour pressure readings were taken for  
ascending and descending temperatures to correct for any 
la g . A 'zero' reading was also taken, while the manometer 
was in the same position  and the bulb immersed in  liq u id  
a ir , to correct for any s lig h t deviation from the v e r t ic a l.
The corrections were applied and a p lot of 
loginPmm. against l/T°A. was made. The vapour pressure was 
then calculated at the required temperature.
For values at 0°C., the bulb was Imoersed in  
a Dewar fla sk  containing melting ic e . Several readings were 
taken. The bulb was allowed to  warm at room temperature 
and was agsdn iataersed in  melting ic e , when the value was 
checked. The 'zero' correction was determined as already 
described.
Il
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D. Surface Tension Measurements
A knowledge of the surface tension of the 
sorbates i s  necessary for certain calculations which w ill  be 
found in the discussion of the r e su lts .
Vogel has recently deteiraained the surface 
tensions of a large number of amines (10 ) and Swift has 
determined the surface tension of ethylamine (11 ) . By 
means of calcu lations involving the parachor, i t  was possib le  
to calculate the surface tension at the required temperature, 
with some degree of accuracy.
The literatux*e supplied no re liab le  data 
for t-butylamine and pyridine: in  addition Vogel (1 0 )
has reported that n-heptyl amine does not wet g la ss , and 
has recorded no surface tension re su lts .
During the course of these experiments i t  
had been noticed that n-hexylaixiine, and to saae extent 
n-amylamine, did not wet glass when they were p erfectly  
dry. AS Vogel obtained re liab le  surface tension resu lts  
using these compounds i t  was thought that, under su itab le  
conditions, the surface tension of n-heptyl amine could a lso  
be determined.
The apparatus described was designed for  
the determination of surface tension in a vacuum, as the 
surface tension of amines could not be determined by any 
method involving exposure to the atmosphere.
A large quantity of cap illary  tubing of 
about 0.05 cm. and 0.18  ora. diameter was examined in 10 a».
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lengths u n til a piece of each diameter was found having 
a deviation from circular cross-section  and a d ifference  
in  diameter of opposite ends of 1^ or le s s .  These two 
pieces were sealed together by means of 3 of q u ill
tubing, and were bent in to  a U-tube having the seal at i t s  
base.
The diameters were accurately determined by 
measuring the length of a known weight of mercury in  each 
limb of the U-tube. The ca p illa r ies  were then cleaned 
with hot ci^ iTomic acid.
The upper ends of the ca p illa r ies  were joined  
by q u ill tubing and a side arm, with a cap illary , ending 
in a standard jo in t , was scaled in . The U-tube was 
attached to the main apparatus, in place of bulb F2 (F ig .Il.X  
using the minimum of wax.
After thorough evacuation, sc^e liqu id  was 
d is t i l le d  in from F^, u n til i t  had risen 1-2 cm. in  the 
wider tube. The capillary in  the side arm was sealed , 
and the U-tube, with a plumb-line attached, was clamped in  
the thermostat, or in a square tank containing melting ic e ,  
which was continuously stirred .
The cross-wires of the cathetoraeter were 
straightened by observing the plumb-line , 5 and the narrow limb 
of the U-tube was straightened with respect to the cross-  
w ires. The d ifference in height of the menisci was 
measured with the cathetoraeter at various tetoperatures 
between 20%. ana 30%*(or 30%-and 40%.) or at 0%.
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A p lot was made of the difference in  height
against temperature and from i t  the value at the required
temperature was read. The surface tension was calculated
as described by Sugden (12 ).
The r e l ia b il ity  of th is apparatus was checked
by determining the surface tension of water, benzene and
cyclo-hexylarüine, which have known values. In no case was
the error greater than 0*5^.
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E. Experiment with Methylaialne
Several attempts were made to determine Iso -  
thermals of methyl amine, using the apparatus described  
for the determination of ethylamine isotherm als. Comnierciol 
methyl amine hydroo?il or ids and methylamine hydrochloride 
prepared by the Hofmann degradation of aoetamide were found 
to contain a large amount of ammonium cM oride, and an 
attempt was made to prepare pure methylamine hy dor chloride 
by the method of Wallach (1 3 ).
20 gm. of acetoxime was dissolved in 20 ml. 
of g lac ia l a cetic  acid in  a large f la sk . 40 ml. of 
concentrated sulphuric acid was added and the mixture was 
warmed very gently until the vigorous reaction was over.
The solution was cooled, made alkaline with d ilu te sodium 
hydroxide and d is t i l le d . The methylamine was co llec ted  
in excess 1 i 1 hydrochloric acid. The solution was 
evaporated to dryness and the hydi^ochloride obtained was
recry sta llised  several times from absolute alcohol.
1
The toebhylamine was liberated  by warming the 
dry hydrochloride with twice i t s  w e i^ t  of dry soda lim e, 
ana was passed throng a drying tube, 40  on. long, f i l l e d  
with soda lim e. I t  was then co llected  on sodium in  a trap, 
cooled with liq u id  a ir , in an apparatus sim ilar to  that 
described for the purification of ethyl&sine. The fla sk  and 
drying tube were sealed off and the methylamine was co llected  
in  bulbs, using the procedure already described in the 
case of ethylamine.
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The pressure of the vapour above a saturated s i l io a  gel 
at - 22 . 8°C. (melting point of carbon tetrachloride) was 
found to be 20-30 mm. too high, and i t  was assumed that 
there was a trace of aiaaonia present. A te s t  with N essler 's  
r e c e n t , however, showed only the lemon yellow p recip ita te  
characteristic  of jxire methylamine and not the brown 
coloration which i s  characteristic of ammonia.
A recrysta llised  sample of methylamine 
hydrochloride prepared by Wallach's method was subjected  
to the treatment of François (1 4 ). 17 gm. of the so lid
was dissolved in  yx> ml. of d is t i l le d  water and the 
solution was made just alkaline by the addition of soditm 
hydroxide (0 .3  N). 10 gn. of yellow  mercuric oxide was
added. The fla sk  was shaken for two hours and l e f t  to 
stand for 24 hours. The mercuric oxide was f ilte r e d  o ff  
at the pump, using a sintered glass crucib le, and was 
washed with d is t i l le d  water. The f i l t r a te  was a c id ified  
and evaporated to dryness. l6  gm. of methylamine hydro- S  
chloride was recovered.
The purified methylamine hydrochloriae was dried, 
and treated with dry soda lime as already described. After 
passage through the soda lime drying tube, the methylamine 
was passed through! two tubes, 40 cm. long, containing dry 
yellow mercuric oxide supported on g lass wool, and f in a lly  
through a tube containing fused barium oxide. The methyl­
amine was co llected  and dried in  the manner already 
described, and the vapour pressure at the temperature of
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melting carbon tetraciiloride was checked as the bulbs were 
sealed o ff . Four bulbs were obtained whidb contained methyl­
amine having the correct vapour pressure; i . e .  )42  tsm^  at 
- 22 . 8%. (15). The f ir s t  two bulbs contained material having 
a vapour pressure of >45- 35  ^ mm. at th is  temperature.
Bulb No.5 was selected  to determine the isothermal 
of methylamine on ferr ic  oxide g e l. The amine was d is t i l le d  
on to the gel in  the manner alreaoy described and the 
pressure of vapour  ^above the saturated gel was observed to be 
372.5 miu, at -22.8% .
Absence of permanent gas was shown by immersing 
the container in  liquid  a ir , when there was no residual 
pressure in the apparatus.
I t  appears possible that seme interaction may 
taka place between the gel and the small methylamine molecule- 
In view of the irreg u la r ities  described here, the attempt 
to determine the isothermals of methylamine on s i l i c a  and 
ferr ic  oxide g e ls , in  the apparatus described, was abandoned.
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p. Determination of Gpeoifio Gravity of Sorbents in
Carbon Tetrachloride
It was necessary to determine the sp e c if ic  
gravity of the g e ls , in  order to enable the accurate 
calculation of the dead space in  the volumetric apparatus 
used for the determination of surface area (see la te r ) .
Carbon tetrachloride was selected  as the 
penetrating f lu id .
A small soda glass bulb, containin^L  ^ about 0 .5  gm. 
of so lid , was evacuated for about s ix  hours at the normal 
activation temperature for the particular g e l. The stem 
of the bulb was sealed off iJinder vacuum, leaving a neck 
3 -  4 cm. long, and the bulb was supported in a platinum 
s lin g  md  weighed in air (^ ij^ gm. )
A small scratch was made on the s tw  and the 
tip  was broken o ff cleanly under carbon tetrachloride (dried  
and previously boiled to expel a ir ) ,  using a special 
breaking device.
The bulb v#as l e f t  in carbon tetrachloride  
u n til the weight became constant. (Mggm. ) %ere did not 
appear to be any d r ift  in the case of the s i l i c a  gel 
samples, while the ferr ic  oxide sample took only four hours 
to reach a constant weight. In each case, however, the 
weight was checked after 24 hours.
The bulb was then emptied, dried and weighed, 
together with the t ip , in a ir . (M^ gm. ) Finally i t  was 
wei^ied, without the t ip , in  carbon tetrachloride.
The determinations were carried out in a
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room thermostated at 20°C.
The sp ec if ic  gravity , d, of the gel i s  given
byj-
d ,=
+ M4; -  (Mg + M^ )
Where D = sp e c if ic  gravity of carbon tetrachloride at 
20°C. = 1.595 gm. c .o .~ l
à
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G. Determination of the Surface Areas of the Gels by the 
Method of Oxygen Adsorpiion
The adsorption of oxygen on the g e ls  was 
measared at liq u id  oxygen temperature, using an apparatus 
designed and b u ilt  by Dr. K. S. W. Sing (5I).
(1 ) Description of the apparatus
The essen tia l parts of the apparatus are 
shown in F ig .I I .8 .
The sorbent was placed in the lyrex bulb. A, 
which was connected to the main part of the apparatus by 
means of a B.IO ground jo in t, G.
B and G formed two arms of a mercury manometer.
B was made from an analytical burette, and a lso  served as a 
gas burette. 0 was constructed from tubing having the same 
diameter as B. A movable reservoir, D, was attached to  
the bottom of the manometer by means of pressure tubing, 
which had previously been treated by b o ilin g  with sodium 
hydroxide. Additional control of the mercury le v e ls  in  the 
manometer was obtained by arranging a ir or vacuum connections 
to the top of the reservoir.
The gas burette could be connected to a 
vacuum, or gas supply, or to the sorbent bulb, by su itab le  
manipulation of the taps and T2. The right-hand limb 
of the manometer was evacuated by d irect connection to 
the pumping system.
Ihe entire manometer unit was mounted on a 
wooden stand, with a fixed  metre sca le  at the side of 
each limb. The mercury le v e ls  were illum inated by two
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small torch bulbs, fixed  to a movable metal frame, whldi 
00 Id be s l id  up and dawn. Readings i»ere taken by adjusting  
a hair lin e  to the top of the meniscus and reauing i t s  
position  on the metre scale by means of a len s. By th is  
means, the le v e ls  could be read to io .O l cm. Ttie volume 
of gas in the burette could be read d irectly  to 0.01 o .c .
A small piece of wire was fixed  raind the 
stem of the sorbent bulb, and the liq u id  oxygen le v e l  
was kept constant at th is  mark (H).
The oxygen, which was obtained from a cylinder,
was passed over phosx^orus pent oxide, and was then stored
in  two large g lass bulbs*
The entire system, except for the pumps, 
was enclosed in  a large a ir  thermostat, maintained, w ithin
0 .1*0 ., at 25.0 -  25.5*0.
(2) Determination of the dead spaoe 
Before use, the dewi space volumes (a) between
the aero of the gas burette and the two taps (b) between
tap ?2 and H (V-jj), and (c) of the bulb below H, w?.n at
liq u id  oxygen temperature, were determined (See a lso  P ig .I I .8)
was determined by trapping a quantity of 
oxygen in the burette, having and Tg closed, and subjecting  
i t  to a ser ies  of compressions, taking corresponding pressure 
and burette readings. 9  '
I f the unknown volume is  V ( c .c . )  end the
burette reading is  g ( o .c .) ,  the actual volume V ( o .c .)  i s
given by:-
V = V. + g.
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For compression from P igi to pggg, applying 
Boyle's Law;-
Pl(V^ + 8 i )  = P s ( \  + Bs)
or V - PlBl -  P2B2
2^ - h
This equation was applied to several ser ie s  
of pairs of readings, which f u l f i l l e d  the condition  
Pg -  p^?- 10 cm.,using d ifferent charges of oxygen in the 
burette for eadi ser ies .
The to ta l volume, V ^tc.c.) -  i . e .  (Vg^  + + V^),
determined in  exactly the same manner, by opening Tg to the 
empty bulb, whidi was kept at 25*0.
The individual values of and were determined 
by a sim ilar method, with the liq u id  oxygen bath in  p osition  
round A.
I t  i s  necessary to apply a correction for  the 
deviation of oxygen fro&i the perfect gas laws at liq u id  
oxygen temperature.
I f  a gas obeys Boyle's Laws-
pv = constant, say A; (1 )
where p cm. i s  the pressure exerted by a constant mass of 
gas occupying a volume v c .c . ,  temperature remaining constant.
For a gas a t, or near, i t s  b o ilin g  point, a 
modified expression must be used
pv = A -  Bp , (2 )
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where B Is  a lso  constant at a given temperature. This 
equation may be expressed more conveniently in  the alternative  
formj-
(p +S)v = A 
so that £ i s  a correction on p.
i . e .  pv = A -  £ V (3 )
Prom (2 ) and (3 )l~
 ^ = D.£ (4 )
V ,
Since a i s  e ssen tia lly  small compared with p, 
we may substitu te v = A (from ( l ) ) in  (4 / g iving:-
■ P .
i  = B p2 (5 )
A
Emmett and Brunauer (27) have given values 
for the percentage deviation from the perfect gas laws 
at 90°K.' and 76 cm. pressure. They give 3«175  ^ and assume 
the deviation to vary lin early  with pressure.
. . = 3.17  X p^
= 0.0004171 p^
Assuming that Vc i s  defined by some diarp 
boundary, N, near H, the to ta l volume of gas, reduced
to normal temperature and pressure, is  given by:-
* ,1 ' p v .  » «b + V.) -(Vo * üM SJl. » I
( 6)
where T i s  the temperature of the a ir  thermostat, i . e .
298% ., and p' = p + & i s  the corrected pressure at 90,2*K.
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(6 ) may be converted In to ;-  
%TP “ (V + V + V + g) 273 X P +273V /  P* -  p \  (7 )
T  JB ' W ~ [ W 7 2  f j
which may be sim plified  in to :-
Vntp = a + bv^
By taking pairs of readings V was calcu lated , 
using th is  equation, and f in a lly  from (V  ^ + V )^ -  V .^
(3 ) Determination of the isothermal 
A was cleaned and dried, and was attached to an 
adaptor, shown in  P ig .11 . 8a, without waxing the Joint. The 
bulb and adaptor were weighed ampty and rew ei^ed after the 
addition of about a gram of sorbent. The difference gave the 
in i t ia l  weight of sorbent. The bulb was then waxed to the 
adaptor, using a small quantity of E verett's wax, and the u n it  
was weighed again.
The gel was evacuated at the standard activation  
temperature fo r  eight hours, when the unit was w e ired .
%e lo ss  of weight on activation  was obtained 
by the difference of the la s t  two weighings, and thus the weight 
of active  sorbent.
Air was Uien le t  back in to  the bulb, and, a f te r  
the adaptor had been ranoved, the bulb was waxed to the main 
apparatus at G.
The gel was re-activated  under the same conditions. 
Pour to fiv e  hours was found to be s u ff ic ie n t .
A change of oxygen was introduced in to  the gas 
burette, from the reservoir, through T^. A few minutes
1 1 . 4 4 .
were allowed for thermal equilibration  and the volume, 
pressure and temperature were noted# Tap T2 was then 
opened to the sorbent bulb. Equilibrium was established  
in  about 30 minutes. After the equilibriimj pressure and 
gas burette readings had been recorded, T2 closed  
and opened to the reservoir, allowing a further charge 
of gas to enter the burette. Headings were taken as 
before and the gas was admitted to the sorbent. Tkiis 
was repeated several times u n til the pressureleached about 
30 cm.
For a ll  equilibrium readings the mercury le v e l  
in  the gas burette was kept as near as possib le to the zero. 
This minimised the dead space volume.
At the end of each experiment the saturation  
vapour pressure of the oxygen was determined, by allowing  
excess gas to  enter the empty bulb, ioaaiersed in  liq u id  
a ir . This was found to be not equal to the atmospheric 
pressure, but some 2 om. hipi^sr. This was due to super­
heating of the liq u id  oxygen, which may amount to 1 -  2 ®K. 
in some cases.
The difference makes only a s l i ^ t  error in  the 
calculation of the dead space volumes -  0 .1)^  at 60 cm.
pressure -  but i t  becomes appreciable in  the ratio  ^/p^ 
(about 2^ ).
I t  was unnecessary to make any corrections for  
thermo-molecular flow as no attempt was made to follow  the 
course of the isothermals at le s s  than 0 .1  cm. pressure.
— o
B . h
\
c r >  b . k
^'5=0^ D ib u ty l phvthalate  
M ercury
fiûuR E  1 . 2 .  T h e  l o w  Fr e s s u r e  Ma n o m e t c r  •
N ot to  A c a le ^
Aa
Hwim
RVE -4-LoWi Rè^ SülÿE.,,, MANt»MErdR,
Üa
OJ
z
<HZ
0
O
m
^ M
CC
Z]
O
.f t
zo
5
Z
Ü1
( PJi
<
z
cz
LU
XH
O
CO
ILI 
Z
<  
-J 
Xà X
UJ LU 
Uj
Q
L
h2
</)
3
3<
&
<
d
-t'
UJ
a:
3O
(1%
y
3/)
"oc

TO i 30 I JO.O
N/H;
S pace.! QAUiftfeATioi
%o
" v-CV-
% s
i  -
■ic
AQ vA.
Ci
£
y
<
Zo
V— i
9 ,
(
-->
Vacuum or 0
D
l i -S a
i ïa u R E  J i-  8 -  The Vo l u m e t r i c  A d s o r p t i o n  A p p a r a t u s
' î
SECTION I I I .  UBüULTü
A. General Hemm ks
The individual, experiments ax-e described in  th e  
follow ing pa^es. Isothermals are p lo tte d , in  which a l l  the 
experimental points are shown, and an abbreviated ta b le  of 
resu lts  i s  given  fo r  each system.
The experiments are not nutubered in  the order ■
in  whidi they were performed, but the isothem aals fo r  
each gel system are grouped togeth er , in  order to  f a c i l i t a t e  
comparison.
iis la t iv c  pressures, as a b cissa e , are p lo tted  against 
the quantity adsorbed, in m illlg rc a s  per gram of sorbent, as 
ordinates. The temperature at vhich each isotherm al was 
determined i s  in d icated .
Points wsrc determined in  the order given in  
the ta b le s . An 'a* beside Wie r e la t iv e  pressure value  
in d icates m  adsorption p oin t.
Bach run was oai-ried out tw ice to check the 
r sp r o d u c ib ili^  of the r e s u lt s . Points obtained in  d iffe r e n t  
runs are d istin gu ish ed  from each other in  the Isotherm als.
Unless otherwise s ta ted , desorption points were , 
allowed from 1 /2  hr to  1 hr. to  reach equilibrium , a fter  
which time no further change was observed a fter  much longer  
periods. Adsorption points u su a lly  required ijr to  2 h rs . 
to  reach equilibrium .
I
I l l . 2 .
B. Ferric Oxide Gel Sys terns
Experiment 1 . g’arric  Oxide G el-aater. 25%.
A ctivation  tem perature;- 1 $0 °C.
'Aeight of a c tiv a ted  sorbent;- 1 .8 3 2 6  gn.
Ttie g e l was saturated w ith water and twenty 
desorption p o in ts were obtained, the f i r s t  e ig h t by the  
'pressure change* technique.
Ë2& per jja . p/po o.m s. per
0 .9 1 4 324 .4 0.698 165 .4
0 .851 322.4 0 .649 1 1 8 .4
0 .7 7 9  ' 318 .9 0.565 8 6 .9
0.766 301.1 0 .4 1 8 72.7
0.746 256.0 0.205 58.2
0.722 212.5 0 .0 2 4 34.3
The isothermal i s  p lo tted  in  F i g . I I I . l .
Experiment 2 . Ferid.o OxWe flel-W ater. 25% .
A ctivation  tem perature;- l^O^C. H
Weigh*" 0  ^ a c tiv a ted  sorbent;- 1.8502 gm.
T'.velvc adsorption points were determined, and, 
eifter saturation  of the g e l ,  tw elve desorption p o in ts .
j
I I I . ) .
l A a P/Po
a 0.154 52.5 0.971 3) 8 .0
a 0.491 79.1 0 .8 0 8 330.0
a 0.572 92.0 0 .769 311.0
a 0.687 133.7 0 .746 262.4
a 0.762 211.6 0 .685 162.8
a 0 .8 0 8 288 .0 0.613 113.0
a 0.827 328.7 0.406 6 1 .9
a 0 .9 )6 333.9 0.020 50.8
The isotherm al i s  p lo tted  in  F ig .I I I . l .
The d ifferen ce of about 10  rag. per gp. between the
two desorption IsotheiToais i s  probably due to  flu o tu a tio n s  
of temperature during a c tiv a tio n , as th is  particu lar
g e l i s  very s e n s it iv e  to temperature cliange. I t  should
be recorded th a t, whereas the normal lo s s  of water during 
activa tion  (at th is  stage of the work) was of the
orig inal weifÿit of the g e l ,  fo r  th is  particu lar sample the 
lo s s  was 5)^ . A ltern atively  i t  may Indicate that the gel 
i s  not e n tir e ly  homogeneous.
■ l*he second isothermal shows a d is t in c t  s h i f t  between 
the ascending and descending curves in the region of lower 
r e la t iv e  pressures.
Experiment ) .  Ferric Oxide Gel-Ethyl A loth ol. 2 )% . 
A ctivation temperature:- 1 )U"G.
W ei^t of a c t iv e  sorbent: -  1 . 9^46 go.
. The g e l was saturated and fo u rte« i dosorijtlon
I I I . 4 .
p o in ts , follow ed by seven sorption p o in ts, were determined. 
The gel was saturated again and the desorption isotherm al ; 
checked.
0.986
a.mr-.ner am. p/Po a .» g . per gm
252.2 a 0 .775 200 .1  ,
,, 0 .850 247.0 a 0 .8 0 6 241.1
0.756 232.2 a 6 .8 9 5 2 4 4 .4
0 .7 4 8 192.9 O.8O6 2 4 2 .4
0.736 151.0 0.762 234.5
0.088 83.81 0.758 230.6
0.618 61.2 0 .7 4 8 205.0
0.340 4 4 .2 0 .725 i a .6
0.038 36.0 0.56b 52.9
a 0.535 50.3 O.3I8 4 1 .6
a 0 .676 70.3
a 0.734 • 114.3 •
Tiie isothermal i s  p lo tted  in  Pig*111 . 2 . I t  i s  
nearly reproducible, but there i s  a s l ig h t  s h if t  a t h i ^  
r e la t iv e  pressures, probably due to  in i t i a l  ‘s e t t l in g  down' 
of the g e l .
The isotheirmal was coupared w ith the etliy l a lcohol 
isotiiermal deteraiined by the la s t  worker on th is  g e l ( l 6 ) .  
This i s  p lo tted  in  red in  F ig .I I I .2 . The volume adsorbed 
at saturation  i s  sen sib ly  the same:- i . e .  the to ta l  
I»re volume i s  unaltered. Assisnlng the v a lid ity  of the 
Kelvin equation, the radius of the most frequently occurrinr  
c a p il la r ie s , ca lcu la ted  from the pressure a t the poin t o^
I I I . 5
In fle c tio n  of the desorption iso th cn n a l, has increased  
from 31*1 k to  44.7  & (allowing fo r  adsorption of two 
layers before cap illary  condensation b eg in s). The amount 
adsorbed a t zero pressure, vhich i s  equivalent to the 
aaioimt adsorbed when the en tire  surface i s  covered with  
a uifLmoleoular layer in  th is  ca se , has decreased to  about 
h a lf i t s  previous value.
The process of ‘ageing* has therefore involved  
the lo s s  of f in e  c a p il la r ie s , ¥4ii« *  would decrease the 
s p e c if ic  surface o f the g e l ,  a lth o u ^  i t  would have l i t t l e  
e f fe c t  on the to ta l pore volume, whidi i s  dependent on the 
larger c a p il la r ie s .  The process i s  therefore analogous 
to s in te r in g .
Experiment 4 . Fenlra Oxide Gel-Bthylamine 0 %.
A ctivation tem perature:- 150®C.
Weight of, a c t iv e  sorbent:- 1 .0741  gm.
, The gel was saturated with ethylamine, and 
th irteen  desorption points were obtained by the method of 
sea lin g  o ff  small bulbs of lic j ild  said estim ating th e ir  
content by b a ck -titra tio n , a fter  smashing under standard  
hydro (dll oric acid .
The resu lts  of th is  experiment ai*e quoted in  
d e ta il ,  together with the dead-space correction (see  F ig .II.5 i 
and the corrected isothermal i s  shown in  F ig .1 1 1 .3 .
Xing. = to tsJ  amount of sorbute on gel and in  dead-space. W' 
Ymg. = dead-space correction .
1 11 . 6 .
Xrotr. Xj9g- ( x-Y)iok. a.DK.'t.perj®
1.000 462.3 95.7 366.6 >4 0 .8
0 .948 353.3 89.8 263.5 245.4
0 .8 4 8 334.8 80 .8 254.0 236 .3
0.765 322.3 73.2 249.0 232.0
0.703 >16.2 67.2 249.0 231.8
0 .6 8 4 286 .8 65,1 221.7 205.1
0.663 258.7 63.5 193.2 .181.7
o.Ée6 177.1 59.2 117.9 109.8
0.517 131.1 49 .6 8 1 .5 75.9
0.423 107.4 40.3 61.7 , 62.3
0.256 75 .4 2 4 .6 50.8 47 .1
0.157 58 .2 15.1 43.1 4 0 .1
0.027 4 1 .8 2 .0 39.8 38.0
Experiment 5 . i errio  Oxide Gel-n-Propylamine. 0 %
A ctivation temperature:- 150®C.
Weight of a c t iv e  sorbents- 1.8699 go.
The gel was saturated and twelve desorption points  
were obtained. Six points can the adsorption isotherm al were 
determined, and the g e l was saturated  again, b d ^ t  
desorption points were f in a lly  determined.
I l l ,  7
p/Po mg. per gn. V/Pa 9 .3%?. î>er SJ».
0.985 237.5
mmim mV
a 0.282 67.9
0.75e 235.1 a 0.529 96.2
Ü.610 226.7 a 0.636 147.1
0.593 210.6 a 0 .694 223.6
0.588 2Ü2 .4 a Ü.799 235.1
0.578 194.5 0.644 226.0
0.572 178.8 0.613 238.7
0,546 113,6 0 .5 8 9 152.3
Ü.447 8 2 .3 0.567 124 .0
0.015 51.4 0.465 87.1
0.113 58.9
n
The ieottiarmal i s  p lo tted  in  Fig.XlI*4 . %e 
in i t ia l  desorption curve shows some d isco n tin u itie s  
within the h y steresis  region. These appear to  be 'anoothed 
out' in  the f in a l curve, although there ai*s in su ff ic ie n t  
points to  permit of ar^ r certa in ty . The f in a l curve l i e s  a t  
higher r e la t iv e  pressures w ithin the h ysteresis  region than 
the in i t ia l  curve. This in d icates a larger cap illary  
radius -  i . e .  the structure of the g e l has been a ltered  
s lig h t ly  by the sorbate.
?d:periment 6 . Ferric Oxide Gel-n-Butylamine. 23*^.
Activation temperatures- 130%
Weight of a ctiv e  sorbent:- 1»5795 193« ^
After saturation, nineteen points on the de8ori>ttoJ
isothermal were deteitained, a l l  but three by the 'pressure '
change' technique. Six points on the ascending
t i l . 6.
isotherm al, followed by ten desorption p o in ts, were then 
determined.
p/Po Q.KOR. per m* w'pp .
0.991 257.8 a 0.431 .92.0
0 .618 242 .5 a 0.523 113.7
0.609 230 .^3 a 0 .608 151.8
0.593 206.3 a 0.743 2 4 4 .2
0.576 182 .9 0.948 250.6
0.551 ■ 149.8 0 .781 248 .1
Ü.515 120 .2 0.597 235.8
0.471 102.1 0.579 2 1 1 .6
0.443 93.8 0.579 199.6
0.178 74.1 0.566 , 1 87 .9
0 .055 67.2 0.526 138.1
0.020 65.2 0.399 8 8 .6
The iso th e im l i s  p lo tted  in  P ig .I I I .5 . In  
contrast to the previous case, Wie in i t ia l  isoUtermal 
shows no truoe of any d iscon tin u ity , ana l i e s  at h i^ e r  
r e la t iv e  pressures than the f in a l mirve, which shows 
two marked d isco n tin u itie s .
In ad d ition  there i s  a s h if t  of 8 tag. per gm. 
at high r e la t iv e  pressures. This was observed in  the 
alcohol isothermal (F ig .111. 2 ) and was attributed  to  
's e t t l in g  down' of tiie g e l .  I t  occurs in  many other 
systems, and v jill not be commented on further.
I I I . 9.
■ . .V;,- ' - ‘
Experiment 1 . Ferrio oxide Gel-n«AEaylamlne. 23®C « 
A ctivation temperatures- 15D®G.
W ei^t of activa  so fb en ti- 2.0788  gn.
The gel .'«as saturat ed and the in i t i a l  desorption  
isothermal was determined. Six adsorption points were 
obtained, and the gel was again saturated. Ten desorption  
points were f in a lly  determined.
p/P a q.oÿî. n<;r p/Po a.mg. per
0 .948 254.9 a 0.296 91.2
0.730 245.7 & 0 #<4^8 112 .0  •
0 .589 239.8 a 0.616 170.5
0.564 234.1 a 0.638 202.7
0.550 2 2 8 .5 a 0,730 239.7
0.501 162.6 0 .8 9 7 245.8
0.439 116.2 0.574 235*8
0.347 99.7 0.560 230.9
0.246 86.7 0.502 160.3
0.093 77.7 0 .4 0 4 1 0 4 .2
0.025 71.2 0.205 83 .5
The isothermal i s  p lo tted  in F i g .I I l .6 .
The in i t i a l  and f in a l desorption curves coincide.
Experiment 8 . Farric Oxide del-n-HMn"laalne. 25®C. 
Activation temperature:- 150®0 *
Weight of a ctiv e  sorbent:- 1 .9122  ga.
Twelve desorption points were c^tained, a fter  
the gel had been saturated and l e f t  ovem l;^ t. Six points  
on the ascending Isol^iermul were determined, and the ge l 
was saturated a second time* Sevan points ware aeterrained 
to check the descending curve.
p/Po îj.mçr. per em. g/Po 
a 0.310
a .mgr. per
0.950 254.3 98.6
. 0.749 247.1 a 0.391 105. 9
0.592 241 .4 a 0.465 129.3
. 0.492 231.8 a 0.593 2 0 8 .6
0.474 210.1 a 0 . 6s 6 239.0
0.435 130.1 a 0.980 . 255.5
0.373 110 .2 0.676 2 4 2 .5
0.301 100.5 0.517 237.8
0.158 87*7 0.457 180 .7
0.060 8 1 .0 . 0 .4 0 4 120 .4
0 .208 92.59
The isothermal i s  p lotted  in  F ig .lI I« 7 . 
I t  i s  en tire ly  roproducible.
I I l . i l .
Sxporiudnt» 9 . Ferrie oxide Gel-n-Heptyl amine 33°C « 
Activât ion tempe rature : 1 Jü ®C.
Wslgtit of a c tiv e  sorbent»- 2.1216 ga.
Tlie g e l was saturated with n-heptylanine and 
l e f t  for two days. Eleven desorption points were located  
and the gel was resaturated. ’light more points on tho 
desorption curve were obtained.
p/P q a.rajy. per pm. Pl PQ A-.im. per
0 .9 2 4 256.1 0.722 232.6
0.709 250.4 0 .410 2 4 4 .0
0.473 245.9 0 .4 0 2 237.5
0.425 237.5 0.386 224.8
0 .4 0 4 224.5 0.371 187.2
0 .3 8 5 185.8 0.325 150.1
0 .3 3 3 137 .0 0.243 119.1
0.266 116.0 0 ,118 105.8
0.059 100.1 ,
The isothermal i s  p lotted  in  P ig .I I I .8 .
The shapes of the in i t ia l  and f in a l curves d if fe r , but 
they coincide at higi; re la tiv e  pressures and tend towards 
U'<u sarae value at low re la tiv e  pressures.
“ x w :
Experiment 10 . Ferric Oxide Gel-n-Heptylamine 35°G* 
A ctivation temperature:- 150%.
Weight of active  sorbent:- I .9 6 I2  ga.
Nine points on the descending isothermal were 
determined, using a new sample of g e l .
b/P q q.mg. per pm. s A
0 .3820.957 256 .2 1 9 3 .2
0 .578 248 .2 0 .3 2 6 1 3 3 .0
0.430 235 .8 0 , 1 ^ 1 0 2 .5
0 .413 230.2 0 .t^8 93 .8
0.402 226.8 ,
The points ai*e p lo tted  in  rod in  P ig .I l I .8 .
The isothermal i s  id en tica l with the in i t i a l  curve 
determined in  the previous experiment.
No adsorption points were determined for th is  
system. The moleculs had become s u f f io lm t ly  large to  slow 
down the rate of adsorption considerably, and equilibrium  
had not bean reacâied a fter  f iv e  hours. The rate of 
establisiaaont of equilibrium during desorption was not 
affected . Indeed, equilibrium was attained almost 
instantaneously for the few points at hi*^ r e la tiv e  pressures 
when the 'pressure ckan[;e' technique could be employed.
I I I . l ) .
I
S3Q2atiSSSL.il.* Ferrio Oxide o-el- t-But.yl6!nlKS 0 °C. 
A ctivation températures- 150%.
Wolt!}it of a c tiv e  sorbents- 1 , 94)2  <p.
The gel was saturated with t-butyiaraine end 
nine points on the descending’ isothermal were obtained.
Two adsorption points were then detsrcined, to lo c a te  the 
beginning of the fiysteresis loop , and tho gel was re saturated  
Figh*" points on the desorption isothermal wore then 
obtained.
V/\?Q a.mg;, oar sra. P/£?o a.ms?, permm< m % 
1.000 2)6 ,2 a 0 .428 78.1
0.796 2)1.0 a 0.347 119.4
0.592 220.7 0.776 230.8
0.574 200.7 0 .5 8 2 2 1 0 .6
0.523 121.0 0.545 159.4
0 .398 72.9 0.479 96 .9
0 .0 8 9 47 .6 0.165 52.7
0 .0 0 8 4 2 .8
"Die isothermal i s  p lo tted  in  F ig .I I I .9 * The 
in i t ia l  and f in a l desoiqjtion curves are coincident over 
th e ir  en tire lenv-th.
I H . 14.
ÆXperlatmu 1 2 . Ferrio Oxide Gol-aüiylena Diamine 25°C 
Activation temperature»- 150®C.
Weight of a ctiv e  sorbent:- 1.8858 ga.
The gel was saturated and ten  desorption  
points were obtained using the 'pressure oJiange' technique. 
The pressure was not allowed to f a l l  below the saturation  
value before th is  method was begun. Nine points wei*e 
then obtained by d irect w e ir in g .
% ree adsorption points were determined to  
lo ca te  the beginning of the h y steresis  loop and the gal 
was resaturated and l e f t  overnight. On th is  oecasion  
the pressure was allowed to f a l l  below the saturation value 
before the container was weighed and points obtained by 
'pressure change*. Seven points wore u ltlim te iy  obtained 
by th is  method, followed by f iv e  points by d irect weighing.
P/Po aiSSi. Pe.l’.a .* l/P o a.mg. per ma.
i . o œ 360 .9 a 0 .226 67.0
Ù.943 329.9 a 0.316 76 .9
Ü.770 303.6 a 0.443 1 0 3 .5
0.616 282 .9 0.965 307.2
0 .5 5 3 2 /8 .7 0.763 295.8
0.531 275.9 0.606 2 86 .8
0.526 252.7 0,562 282.9
0.488 IS5.4 0.546 279.1
0.431 130.4 O.5I6 255.8
0.385 102.2 0 .488 202.0
O.3I8 82.1 0,460 169.8
111,15
Experiment 12 (oontd .;
p/P q SLsSg. _
Ü.190 . 66.0
WVq a .m g . p e r  g a,
0 . 4CKJ 109.2
0 .0 4 5  55.6 Ü .II5 59.1
The isothermal i s  p lo tted  in  P ig .I l i . lO .
The f in a l desorption ourve shows the.true isotherm al, while  
the I n it ia l  curve ind iod ,es the type. of error that was 
obtained i f  measurements deploying the ' pi-essure oh ange' 
technique were begiuri; while the g e l was s t i l l  saturated.
The two points marked with an a ster isk  are of 
in terest as i t  was necessary to leave the system fo r  two 
hours before equilibrium was estab lish ed . For a l l  the 
other desorption points 3 /4  hr. was s u ff ic ie n t .
Experiment 13 . Ferric Oxide Gel-Cyelohexylaiaine 25%. 
Activation temperature»- 150®C.
Kelght of a ctive  sorbate»- 1 .8482  gn.
The gel was saturated ana l e f t  fo r  36 hours.
Ten points on the desorption isotheiiaal were determined, 
fo lloviei by two adsojrption p o in ts, to  lo ca te  the beginning 
of the h y steresis  loop.
The gel was resaturated and l e f t  overnight.
Nine points were datennineu to  check the descending curve.
m/pQ p/P q
0.994 286.0 a 0360 108 .1
0.771 284.2 a 0 .4 2 8 125.9
0.511 274.5 O.7O8 277.2
Ü.455 265.6 O.3L8 274.9
0 .424 193.7 0.475 270.3
0.393 143.0 0 .4 4 2 243.8
0.356 120 .2 0 .4 2 6 16 9 .0
0.298 97.6 0.398 147.2
0 .1 8 2 8 1 .6 0.266 92.0
0 .042 72.5 0.029 70.2
The isothermal i s  p lo tted  in F ig .111. 11 .
The I n it ia l  and f in a l desorption curves are coincident 
over th eir  en tire  length .
Experiment 1 4 . Perrio Oxide Gel-IVridlne 25®C. 
Activation temperaturet~ I5OOC.
«eic^t of a ctiv e  so fbent;- I .9166  gm.
The g e l was saturated with pyridine and eleven  
points cn the desorption isothermal were determined. The 
curve was not checked, and no adsorption points were 
obtained.
E'Po m - i f e  a^ .n»g. per
1.000  324.7  0 .536  280.0
0.894 319.1 0.492 224.9
O.6I7 314.0 0 .438  155.0
I
7 1
F^xoerlmmt 14 (oontd.)
P/Po q.jBft. per gm. p/Po a.mîî. per «tn.
0.737 309.4 0.357 112.7
6.657 305.3 0.181 8O.9
- 0.036 62 .6
u
ti
The Isoth’însal Is plotted In Plg#I 11. 12#
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Experiment 1 5 . S llio a  Gel Bo- »ater 2^%. 
A ctivation  temperature: ~ 1 ^ °G .
Weight of a c tiv e  sorbent:- 0 . 6^94 gm.
’fhe g@l was saturatoci w ith water and f i f t e e n  
desorption p o in ts , follow ed by f i v e 'adsorption p o in ts , 
were obtained.
p/Po ajSKî.per ,ga. p/Po a .m g . per m
0 .9 4 7 394 .9 0 .2 6 6 1 6 8 .3
0 .7 9 6 384.3 0 .1 1 9 9 8 .3
0 .6 9 3 373 .9 0 .0 5 3 7 6 .1
0 .607 353.7 a 0 .2 6 8 1 7 8 .3
0 .5 1 6 332 .7 a 0 .3 9 3 2 3 9 .6
0.420 3 1 0 .5 a 0 .5 0 8 2 9 9 .3
0 .359 280.3 a 0 .6 1 2 3 3 9 .5
0 .3 4 3 252 .0 a 0.6.67 " 3 6 3 .3
0 .3 1 3 1 9 8 .9
The isothermal i s  p lo tted  in  F i g . l I I . i 3 .
Experiment l 6 . S il ic a  del Bp -  '^ ti~gfl Aloohol 25®C. 
A ctivation  tem perature:- 150®C.
W ei^ t of a c t iv e  sorbent:- 0 .730? ga.
The gel was saturated with ethyl a lc d io l and 
twenty-two desorption points ware obtained. Four p o in ts  
on the fegcending isothermal wero determined, and a fte r  
saturation , the desonption isotherm al was repeated.
l/P o a.mp. per m . p/Po q,mK. Pbr m
a 0.234 193.0 0.460 256.5
a 0 .4 2 2 239.7 0 .4 0 6 243.5
a 0.600 28 0 .1 0 .3 9 5 237.4
a 0 .661 288.1 0.351 226.2
0.692 295.8 0 .314 216.1
0.579 286 .8 0.282 207.1
0 .516 278.8 0.143 177.1
0.502 271.0 0.107 164.3
The isothermal i s  p lo tted  in  P ig .I I I .14a .
The in i t i a l  desorption ourve (fo r  which no fig u res are 
quoted; shows several d is c o n tin u it ie s . The f in a l curve 
shows considerable s h i f t ,  W t the d is c m tin u it ic s  are not 
repeated, and the ourve i s  reproducible.
The isotherm al oanparcs w ell with that 
obtained fo r  the adsorpticsn of eth y l aloohol on P o ste r 's  
orig in a l 81028(3; which i s  p lo tted  in  F ig .I I I .14b fo r  
comparison. Althon^i the h y ste res is  loop i s  somev/hat 
larger in  the case of SIO2B2* the point of in f le c t io n  in  
the desorption curve l i e s  at a lower r e la t iv e  pressure, 
in d ica tin g  th at the radius of the most frequently occurring  
pores i s  s l ig h t ly  sm aller.
111.20 i
I
jiUcnerlment 1 1 . Si 1 io a  Gel Bp- Ethylamine 0°C. 
A ctivation  tem perature;- 1$0% .
'I'el^it of a c t iv e  sorbent;- O.83IO gn.
The gel was saturated and fourteen desorption  
points were obtained, using the sp ec ia l apjiaratus.
p/Po q.ms.per gm. n/n« q.mg.per am.
1.000 375.8 0.432 278.7
0.935 314.2 0.368 2 6 1 .3
0.852 314.5 0.307 246 ,5
O.78O 309.8 0 .2 3 8 235.8
0.705 300.9 0.171 220.7
0.567 312.7 0.117 2 1 1 .0
0.503 299.6 0.057 191 .4
The Isothermal i s  p lo tted  in  F l g . I l l . i 5 .
Sxpe xment 1 8 . S i l ic a  Gel Bo -  n -Propyl anlne 0 % .
A ctivation taaperature;- 150®C.
W ei^t of a c tiv e sorb en t;- O.06OO ■gm.
The g e l was saturated with n-pro};ylaicine and 
tvventyrone desorption points were determined, a l l  but three  
using the 'pressure change* technique. The gel was resatur­
ated and l e f t  o v e m ii i t ,  when e l # i t  desorption p o in ts , fo ll^ g  
by two,adsorption poin ts, were determined.
I I I . a .
P/'Pq p/P q q.mg. per gm.
0.706 314.1 0.177 256.7
0.423 304.9 , 0.131 247.2
0.315 2 ^ .1 0.087 239.1
0.291 291.9 0.052 230.3
0 .2 8 0 284 .7 0.032 2 2 4 .4
0.263 278.0 . 0.931 3 I8 .9
0 .2 4 4 271.8 , 0 ,491 307.9
0.219 266.3 a 0 .287 2 8 1 .8
a 0 .456 301.3
The Isoth em al i s  p lo tted  In f i g . l i l * l 6a .
I t  i s ,e n t ir e ly  reproducible.
Equilibrium was a tta in ed  r a ^ d ly , except 
fo r  Wie desorption points at r e la t iv e  pressures of 0«93  
and 0 .7 0 , v?hen two to  three hours were necessary.
Sxpe riment 1 9 . â l l i c a  Gel -  n-Butrlamine 25 0^ .
A ctivation  tem perature;- 155% ,
W ai^t of a c tiv e  sorbent*- 0 .6 8 4 0  gn.
Seventeen desorption points were f i r s t  
obtained, follow ed by two adsorption p o in ts . The f i r s t  
two points on the descendir^ curve again showed a 
considerable delay before eciuilibrium was e sta b lish ed .
The gel was saturated again and l e f t  fo r  three days, when 
the desorption isothormal was repeated .
p /P q p/Po q.mjg. ner gtn
0 .8 6 6 403.4 a 0 .133 255.3
0.496 361.2 a 0 .296 292.3
0.314 334.4 0.872 425.4
0.270 311.4 0 .352 307.9
0.230 291.8 0.273 358.8
0 .196 275.1 0 .2 4 2 333.0
0.161 261.4 0 ,206 311.1
0.132 256,1 0 .1 1 4 266.1
0.092 248 .1 0 .0 6 9 239.5
0.030 233,2 0 .0 4 9 2 24 .1
The iscthertoal i s  p lo tted in  P ig .I I I . i7 .
I t  Is  not reproducible; the second desorption Isotherm al 
showing a pronounced s h if t  away from the pressure a x is .
In ad d ition , the sliapes of the two isothei'mals d i f f e r ,  
p articu lar ly  in  the low pressure regicarj.
Experiment 2 0 . S i l ic a  Gel B -  n-Aiaylamine 2 5 °C.
A ctivation taaperatures- 150%.
Weight of a c tiv e  sorbent:- O.72IO gm.
The g e l was saturated with n-omylamine and 
l e f t  for  four days to reach equilibrium . Fourteen desorption  
points were determined. The time taken for  Wie e s ta b lis h ­
ment of equilibrium  was never greater than one hour fo r  
a l l  points except the f i r s t  two; f iv e  hours was necessary  
for  th ese .
111. 23.
r/Po a.fflg. per P/Po q.mg. per
0.934 327.7 0 .2 8 0 277.3
0.547 315.0 0.262 274.3
0 .4 4 8 3 0 4 .6 0.198 265.3
0 .3 8 9 395.6 0 .1 0 8 252,2
0.346 2 8 7 .6 0 .05c 2 4 2 .2
0.306 . 2 3 4 .0 0 .029 233.3
0 .291; _ 2 8 0 .6 0 .006 222 .5
. • ' The isothermal i s  p lo tted  in  F i g . I I I . l 6b»
In conséquence of an accident to  the storage  
bulb containing the n-amylamlne, the isottienaal could not 
be checked, n e ith er  could any adsorption points be obtained. 
From the shape of the ourve, however, i t  i s  obvious that 
the h y ste res is  loop , which h ith erto  has been a prédominent 
fea tu re , has now e ith er  vanished, or e ls e  become so small 
as to be im perceptible by the experimental method adopted 
here.
Experiment 2 1 . S i l ic a  f lü  Bg- n-Hexylamln^, 25®C. 
A ctivation  temperatures- 150°C.
Weight o f a c tiv e  sorbents- 0 .7 7 9 2  gn.
The gel was saturated with n-hexylaqine, and 
l e f t  fo r  four days. Ten points were obtained on the 
desorption isothenufil. For the f i r s t  four poin ts about 
four hours were necessary before equilibrium  was e sta b lish ed  
w hile fo r  the remaining points two to  three hours were 
s u f f ic ie n t .
à
I I I .2 4
The gel was resaturated and l e f t  fo r  four days, 
when a desorption Isothermal was detenoined which compared 
w ell with the f i r s t  curve. Ap}>roxlmately the same tim es 
were necessary fo r  the estahlishrrtent of equilibrium .
Five adsorption points were then determined, 
equilibrium was not atta ined  in  s ix  hours, so in  each 
case the sy s tm  was l e f t  overnight.
p/Po ' her gp. p/Po a.SK. per am
0.990 342.8 0 .276 319.4
0 . 806 331.2 0.131 292.1
0.312 322.1 0 .0 4 4 274.5
0.256 314.8 0 .0 1 8 267.8
0.171 299.8 a 0 .1 1 4 288.0
0.122 287.2 a 0 .1 5 5 298.2
0.059 274.5 a 0 .2 4 2 316.0
O.8I5 335.5 a 0 .294 321.2
0.446 325.6 a 0 .4 2 8 325.0
The isothermal i s  p lo tted  in  F ig .X II .18a . I t  
i s  rev ersib le  over i t s  en tire  le n g th , and the h y s te r e s is  
loop has vanished compLetely.
I I I .2 5 .
Experiment 2 2 . S llio a  Qel Bo- n-lteptylaislne 35^0 • 
Aotlvatlon tm perature; -  150°C.
Weight of a c tiv e  sorbent*- 0 .7141  gm.
The gel was saturated with n-heptylaraine and 
l e f t / f o r  four days.. Ten desorption points were obtained. 
The time fo r  attainment of equilibrium was about four  
hours in  each case. • -
The g e l was saturated again and a fter  two 
days was opened to the manometer, as i t  was no longer 
sc^sy* The pressure was ju st below tho saturation va lu e , 
and i t  f e l l  slowly fo r  a further twenty-four hours, u n t il
' f
the r e la t iv e  pressure was about 0 . 3 . A l i t t l e  more amine 
was d is t i l le d  on to  the gel. and the container was c losed  
and l e f t  fo r  two d a y s ., The systtxa then appeared to  be at 
equilibrium and s ix  desorption poin ts were determined.
0.728
dj#?. per gra. P/Pq
0.057
g.tfla. per
338 .4 282 .4
0.546 328.9 0.034 276.0
0.328 320.8 0.946 343.7
0.277 314.0 0.573 •329.5
0.271 312.0 0.326 320.3
0.203 302.0 0 .208 309.2
Ü.I58 '298.8 0 .1 8 5 304.9
0.125 295.3 0 .111 294.4
The isothermal i s  p lo tted  in  P lg .I I I . l s .b .  
I t  i s  reversib le  and reproducible. No adsorption points  
were determined in  viaw of the length  of time necessary
I I I . 26.
fo r  the establislim ent of equilibrium .
Bx-periment 2 3 . 311 iOa Gel Bo- KWtvlene dlamiqe 25°C.
Activation temperature*- 150 0^ .
Wei^ÿit of a c tiv e  sorbent*- 0 .6 5 9 4  gm.
The gel was saturated and th irteen  desorption
points were‘""deteitained. About two hairs were necessary
for the attainment of equilibriuis in  eacAi case. A ir
= , . ' 
was then l e t  in to  the container inadvertently .
, , T-' -
ITie isothermal' i s  p lo tted  in  P ig .111 , 1 9 . a .
I t  shows some d isco n tin u itie s .
experiment 2 4 » S il ic a  Gel B2 -  Ethylene diamine. 25 0^ . 
Activation temperature*- 150®G.
Weight o f  a ctiv e  sorbent*- 0.6598 k b .
The new sample of g e l was saturated and l e f t  
for three days. F ifteen  points on the desorption isothermal 
were obtained, the f i r s t  s ix  by 'pressure change.', s ta r tin g  
from saturation .
The g e l was saturated again and l e f t  fo r  three 
days. Nine deaorpticai points were determined. A fter a 
further resaturation , s m m  desorption p o in ts, follow ed
by three adsorptita* p o in ts, were determined. For the
»
desorption points just below saturation pressure, the 
system required s ix  hours to rea<*j equilibrium . Two hours 
were s u ff ic ie n t  fo r  a l l  other p o in ts .
I I I .2 7 .
V/Vo a .10". per sjo. p/Po a,mg._ m x  m
0 .939 421 .1 Û.250 361.1
0.656 393.0 0 .1 8 6 354.5
0.418 376.6 0 .0 8 9 307.0
0 .4 1 0 369.1 0.474 371.3
0.258 355.9 0 .2 0 2 357.6
0.188 352.4 0.153 349.2
0 .144 340.5 0.132 339.2
0 .0 1 4 364.8 0.098 314.8
0.646 373.1 0.053 296.4
0 .413 370.1 a 0 .128 317.9-
O.3O8 365.1 a 0 .194 338 .3
a 0.312 354.5
The isot»hei*ttial la  p lotted  in  F ig .III« 1 9 . %e 
in i t ia l  ourve, of which the high pressure region i s  
in correct, owing to wrcmg app lication  of the'pressure  
change* technique, does not coincide with the isotherraal 
obtained in  the previous experiment. The second desorption  
isothermal i s  a smooth curve, and the third i s  coincident 
with i t ,  in d ica tin g  ttiat the system, has now become 
reproducible. There i s  a soastl h y steres is  loop.
I I I . 28.
Experiment 25 . t-B i^ la w in e  0 ®C.
Activation teraperaturei- 150%.
Weight of a ctiv e  scfbents- 0 .7402  gpi.
The gel was saturated and l e f t  fo r  two days. 
T hirtew  desorption points were determined. After 
resaturation» nine points were determined on the descending 
isothennal, followed by one sorption poin t, to in d ica te  
i f  there were any trace of a small h y steresis  loop .
The time taken for equilibrium to  be estab lished  was rapid 
at high pressures, but thai began to  increase u n til a t  
the lowest reading, i t  was ten hours.
p/Po a . me. per P/pQ a.me. per
0.599 275.7 0 ,8 7 7 283.1
0.318 263.7 0.418 270.1
0.252 254.0 0.304 261.8
0 .1 8 3 239.2 0.229 250.2
0.117 223.7 0.156 235.1
0 .049 207.4 0 .088 217.0
0.Ü17 194.2 a 0.270 259.1
The isotlicrmal i s  p lo tted  in  F ig. 111. 20 . I t  
i s  en tire ly  reversib le  and reproducible.
I I I .2 9 .
Rxperlment 26 . S il ic a  Gel C-yoKfliexylaialne 25 C. 
Aofcivation fcamperavure:- 150®G.
Weight of a c tiv e  sorbent»- 0 .? 6o6  go.
The gel #aa saturated and l e f t  fo r  three  
days. Seven desorption points were determined. îhe  
gel was resaturated, and l e f t  for.tw o days, when nine  
points were detem inod on the desorption isotherm al.
The time necessary fo r  the establishment of equilibrium  
was always le s s  ttian two hours.
P/Pn g.]Bg. per gm. P/Pn q.mg. per
0 .608 ,313.0 0.86c 319.0
0.328 ,507.3 0.396 311.0
0.171 301.4 0.261 507.5
0.134 294.1 0.153 298.1
0.079 278.2 0.090 283 .8
0 .0 4 4 263,4 0.039 260.6
0.025 251.4 0.013 244 .2
Ttie isothermal i s  p lo tted  in  S 'ig»IiI.21 .a .  
I t  i s  en tire ly  reproducible.
Experiment 27 . f l l io a  Gel B -  Pyridine. 25°C.
Activation temperature!-  150°C.
# e l0 i t  of a ctiv e  sorbenti- 0 .7400  gp.
The gel was saturated and l e f t  for  one day,
when ten desorption points were determined. After an
interval of about fourteen days the gel was saturated
again, and f iv e  desorption points were obtained.
Equilibrium was estab lished  in  one hour, in  each case .
p/Po Pe^ “ m . p/Po a.nig. per m
1.000 427.1 0 .042 257.6
0 .802 417.7 0.948 417.4
0.617 .W 2 .4 0.439 3 8 0 .4
0.500 386.8 0.279 357.8
0.351 368.2 0.103 301.1 .
0.169 334.4 0.022 2 4 4 .6
•
The isothermal i s p lo tted  in 8' ig .I I I .2 1 .b .
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D. SlllOtt Gel Q systems
K:XD@pl'!ienL 2 3 . S i l ie a  Gel C -  water 23%.
A ctivation temperature:- 1 0^ %.
W el^t of a c tiv e  sorbent:- 2.0228  gm.
The g e l was saturated with water and s ix teen  
points on the desorption Isothermal were determined. Sixteen  
adsorption poin ts were Wien obtained* and the gel was 
resaturated. The isothermal was ehecked by the déterm inâtiw i 
of nine more points on the descending branch of the curve.
ï/p p p/Po o .ag . per gm.
1.000 528 .9 a 0 .296 134.2
0.968 523.9 a 0.361 166.6
0.602 3 8 5 .5  , a 0.545 304.8
0,520 312.3 a 0 ,654 391.5
0 .4 8 0 2 8 3 .6 a 0 .726 44 2 .3
0 .393 224.7 a 0 .913 5I8 .I
0.352 I83.2 0 .944 527.0
0 .331 165.1 0 .8 4 5 512.1
0.273 127.2 0.742 493.6
0.065 35.9 0.643 430.6
a 0 .1 1 4 65.5 0 .606 399.2
a 0.197 100.5 0 .564 365.2
The Isothonsal i s  p lo tted  in  P i g . l l l . 2 2 . I t  i s
en tire ly  reproducible
111.32
Experiiaentii 29 . 25*^ 0.
A ctivation temperature}- igo% .
W eiçjit o f  a c t i v e  s o r b e n t : -  I .9 I8 9  g».
The g e l was s a tu r a te d  w ith  e th y l  a l o d io l .
Seventeen d e a o r |) t lo n  p o in ts  were ob ta in ed *  fo llo w ed  by seven
a d s o rp tio n  p o in t s .  / i f t e r  s a tu ra t io n *  two more d e s o rp t io n  
' • > 
p o in ts  were d e te rm in e d .
l/pQ q.mf?. p e r  m . p /P o q.m??. p e r
0.998 420.7 0 .0 3 4 144.6
o . e i 6 412.0 a 0 .3 4 8 2 2 9 .3
0 .7 2 6 404.6 a 0 .5 2 5 2 0 5 .3
0 .090 397-7 a 0 .5 3 4 310.3
0 .6 7 3 390 .9 a 0.666 34 4 .2
0.622 364 .0 a 0 .7 6 7 381.9
0 .5 4 5 320.0 ,a 0.818 398.5
0.482 2 8 5 .9 a 0 .9 1 4 4 0 5 .7
0 .372 244.0 Ü.924 4 0 5 .5
0 .2 5 6 210 .3 O .8I5 402.1
0 .0 9 6 1 6 9 .4
The isotheri»ai,vthioh i s  idotued in  P ig .I l I .2 3 ,  
shows some d r if t  tw ards the pressure a x is .
I I I . 33*
i xperlment % .  S lllo a  P e l C -  :;t,hv^& locfaol 2 5 ^0 .  
A ctivation t 3iBi>eratures- 2 CO°C.
Weif^t of a ctiv e  sorbent;- 1.9979 gw-
The g e l was saturi-ited and twenty desorption poin ts  
were determined, follow ed by eight points on the ascending  
curve.
ï/P o Q.iaç^ . per mi. p/ pq q.rog. par
0.990 427.1 ■ 0.175 198.9
0.890 422.9 0.070 169.7
0.796 419.1 ■ 0 .0 4 0 157.0
0.743 415.6 0.015 134.7
0 .706 408 .8 a 0.200 201.9
0.669 399.1 • a 0.451 274.4
0.606 368.3 a 0.515 298.3
0.555 ■ 338.2 a 0 .648 356 .3
0.508 307.7 a 0.702 383.4
0.426 269,4 ' a 0 .8 2 9 413.0
0.330 337.5 a O.9O8 4 21 .8
The Isothermal isp lo tte d in  P lg .III .2 3 . The
h y steresis  loop  c lo se s  at h i^ i pressures, and there i s  no 
d r if t .
4
I I I . 34.
Kxperlmenti 31. S i l ic a  Gel C -  n-Propylamine 0®C. 
A ctivation tomperaturej- 150%.
W si^ t of a ctiv e  sorbent:- 1.9479 gm.
The gel was saturated with n-propylamln@ and 
a desorption isothermal was obtained. A sooond isotherm al, 
detem ined a fter  resaturation , did not coincide with the 
f i r s t ,  there being a pronotmoed d r if t  away from the pressure  
a x is . The isothermal i s  not plotted*
The amino that was desorbed was c o llec ted  
in  a free  sing bulb containing a small p iece of sodiuro. On 
warming up to  room teaiperature, there was appreciable 
effervesoenoe, in u iea tin g  the presence of moisture in  
the amine. Tliis was probably extracted  froa the gel by the 
amine, in  view of the liygroacopie nature of the la t t e r ,  and 
wosUd account for  a s h if t  away froas the pressure ax3.si 
i . e .  q u a lita tiv e ly  i t  would have the same e f fe c t  as a higher  
activa tion  temperature.
In view of the reproducible curve obtained  
in  the previous system (SiOgC -  ethyl a locholj when a higher 
activa tion  temi^erature was employed, i t  was decidea to try  
200°C. as the standard activation  temperature for th is  g e l .
E'xperlroant 32. S lllo a  Gel C -  n-Prorarlaaine 0% .
A ctivation tomperaturo:- 200%.
W ei^t of a c tiv e  sorbent:- I.9668 fp .
The g e l was saturated, and twenty desorption  
points, follow ed by f iv e  adsorption points were determined. 
The g e l was resaturated and a few desorption points were 
obtained at hi{ÿi r e la t iv e  pressures. The container waa Uien 
opened to 'th e  pumps u n til the pressure reached a low va lu e . 
Two desorption points were detem inod , followed by two
adsorption points
ï^Po
0 .8 4 5
«
o.mp, nor sot. P/Pq
O.ÜI9
a.me. ner sm
397.5 207.9
0.611 390.2 a 0 .173 2 4 8 .4
0.546 383 .6 a 0.260 271.8
0 .4 9 3 371.5 a 0.396 302.2
0.456 360.3 a O.5I8 343.2
0.417 350.1 a 0 . 6^ 37 8 .9
0.362 326.1 a 0 .980 3*98 .6
0.327 3C6.9 0 .683 390.3
0.290 289.1 0.516 377.2
0.241 271.5 0 .0 8 8 225.4
0 .118 241 .0 0 .0 4 8 2 1 4 .3  1
0.040 216.4 a 0.150 2 4 1 .8
The isotheitnal i s  p lo tteu  in  P ig .I I I .2 4  . 
After the f i r s t  desorption, there i s  a s l l ^ t  s h if t  towaros 
the pressure a x is . The system then appeal's to  s e t t le  down 
and g ive  a reproducible iso th e m a l.
111.36
'■ ~ - 2$®C.
Activation temperature:- 200%.
Weight of active  sorbent:- I .7 II9
The gel was aaturatud with n-W tylamine, and 
twenty-two points on the descending isotherm al, followed  
by seven adsorption points, were determined, Tlie gel was 
resaturated, and s ix  desorption points were obtained, '
p/P q q.mg. per mo.
a 0.173
P
0.766 361.5 242.8
0.549 353.6 a 0.289 271 ;0
0.484 ■345.7 a 0 .4 4 2 309.6
0.422 331.4 a 0.535 334.9
0.365 311.8 a 0.653 354.1
0.321 297.1 a 0.771 360.7
Ü.293 ■ 284.1 a 0.870 364.4
0.242 263.8 0 . 875 , 363.0
0.067 ■ 215.9 0.454 338.8
0 .004  ■ 180.7 0.230 257.9
The isothermal, which i s  reproducible, i s  
p lotted  in  F ig .III .2 5 .
Bxmrlioent. 34 . S ilica  Oel_ .C -  n-Butylamine 25%. 
Activation temperature:- 150%.
Weif^t of active  sorbent1- I.962I gm.
'Kîe gel was saturated and three successive  
desorption isothermals were determined. There was a 
nronounoed s h if t  towards the nressnre axis In ea<4\ oane.
I l l  .3 7 .
This cannot be accounted for by water removed from the 
gel unless i t  i s  assumed that amine reidaces i t .  The 
iscthermals ai'o not p lotted .
The amount of soi'bate held a t  saturation was 
more than when the gel was activated  at 200% . (450 rag. per go.) 
whereas in  the case of etliyl alcohol and n-projsrlamine the 
reverse held.
A further sample, evacuated at the same 
temperature, gave an in itd a l isothermal sim ilar in shape 
to the previous one, but fiisplaoed s l i |ÿ it ly  towarcls the 
pressure a x is . The amcwnt held at saturation was 430 rag.per gm.
Experiment 35 . S ilic a  Gel C-n-Anvlàmlne 23%.
Activation temperatures- 200%.
W ei^t of active  sorbonts- I.9261 gtn.
The gel was saturated with n-@iwlaraine and 
seventeen desorption poin ts, followed by s ix  adsorption p o in ts, 
were obtained. The gel was resaturated, and fcaarteen 
desorption points were determined.
Figures are quoted for  the f i r s t  desorption
isothermal only.
p/Po a.Of?, per gsi. k m afifflrvEerjffl.
0.896 447.1 0 .2 1 4 313.7
0.648 440.5 0.106 289 .0
0.562 435.3 0.055 284.1
0.498 424 .9 0.030 260.5
0.418 407.2 a 0.155 296.3
111.38.
Byperimcnt 35 (oonW . )
P/Po ,a.mg. per am. P/'Po g^aef-j>sr_gs
0J374 393.8 ■ a 0.312 338.1
0.266 375.4 a 0.453 379.5
0.254 361. o' a 0.537 405.4
0 .249 342.1 a 0.779 436.0
The isothermal i s  p lotted  in  F ig .I I I .26a.
The seoond desorption ourve ociapares well with the f i r s t ,  
within the r e la t iv e  pressure range 1 .0 0  -  0 .%), but below th is  
range the sliapes of the two curves d iffe r  markedly. The 
two iso th em als tend to coincide at very low pressures.
A second sample of ge l was activated at 200%. 
and saturated with n-aiqylamine. The desoristion isothermad 
obtained, which held 420 mg. per gm. at saturation, was 
sim ilar to those p lotted  in  F i g . I l l .26a at high and low 
re la tiv e  luressures. The inteim ediate region d iffered  from 
eiWier, and showed several d isco n tin u itie s . The isothermal 
i s  not p lotted .
Ëxneriraent 36 . 3i l io a  Gel G -  n-Amylamine 25%.
Activation temperature:- 380%.
Weight of active sorbent:- 1.8330  gn.
The g e l , which had darkened considerably in  
colour during activa tion , was saturated with n-aoylamine, 
and two successive desorption isothermals were dotwiained.
These are plotted in  F ig .lI I .2 6 b . The second 
isothermal i s  a smooth ourve, but d if fe r s  in  shape from the 
f i r s t ,  which has several d isccn tin u itie s .
1 11.39*
Experiment, 7 1 . S ilic a  Gel G -  n-HexylM>ine 25%.
Activation temperature:- 200% .
Weig)it of active sorbent:- I.9216 gta.
The gel was saturated and foiffteen desorption 
points were obtained. Four adsorption points were determined, 
and the gal was resaturated. Ten desorption peints were 
f in a lly  detennined.
No figures are quoted for  the second desorption
ourve.
p/Po q.mg. per pm. V/Po q.mg. per
0.826 398.1 Ô.144 296.9
0.475 394.2 0.069 283.8
0.412 387*8 0.057 276.1
0.345 380,1 a 0.201 315.0
0.291 364.7 a 0.310 341.2
0.208 348.5 a 0 .488 378.3
0.202 336.0 a 0.635 399.9
0.177 321.9
0.177 311.0
The isothermal i s p lotted  in Fig. 111.27.
iiacoept for d isoon tin u lties in  the lower portion of the 
desorption brand: of the h ysteresis loop , the f i r s t  isothextnal 
i s  comparable with those obtained from the eax’l i e r  members of 
the homologous se r ie s . The second desorption run, however, 
shows a series of unrelated points, mostly bearing no 
resemblance to the original isotherm al.
The irreg u la r ities  observed in the isothermaJs
I I I . 40
of n~amylmiine and n-hoxylamiw ara probably due to
4 I
Interactions of the amine and tti® water s t i l l  held by the g e l.  
I t  was shown that there was no deterioration  of the in ta  nal 
structure of the gel by evaouating the saffliiL® used for the 
n-hexylamine in vestigations at 100% . fo r  s ix  hours, followed  
by Z)0%. for sixteen  hours, and determining an ethyl alcohol 
isothanaal. TJie curve obtained compared well with the  
alc<âiol isothermal plotted in  P ig . i I I .23B, althou^i there was 
a s h if t  of 10 gm. per gra. towards the pressure ax is.
It has already been mentioned that th is  gel contains 
a larger percentage of water than SiOgBg arKi SlOgD. Tlie 
inconsistent resu lts  are probably due to interaction  of th is  
water and the amines, in  view of th o ir  hygroscopic nature.
In connection with tJiis i t  should be noted that the higher ammae 
are far le ss  soluble in  water than the lower members of the 
se r ie s , \* i le  n-hexylamine i s  p a r tia lly  m iscible.
In view of these in con sisten t resu lts  i t  was 
decided to discontinue the attempt to determine isotheitiials 
of amines on S il ic a  Gel C.
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Ë. îj illo a  0 »X D System*.
MÀàJS» üf -  %WR 2 ^^e»
Activaijion t@mp@raWre:- 200%.
W si^ t of a o tlv e  aortosmti- 1 .3033  gm.
%@ g@l was saWftd, ed and olghtesn d3sofpt*xon 
points were obtained, follow ed by three adsorption p o in ts .
P/PQ ........... SLsSEjl-Ï»!!.. m*
0.976 555.0 Ü.172 96.7
0.820 554.7 Ü.115 76,6
0.726 515*1 0.076 61.9
0 . ^ 449.2 0.028 41 .2
0.610 382.9 a  0.316 151.8
0.498 284.0 a  0.408 188. 3
0.338 1É6.6 a 0.515 261.9
0.268 132.7
The Isothermal i s  p lo tted  in P lg .n i .2 e .
iixpjrlwent 39 . S il ie a  Pel ü -  Ethyl Aloohol 25% . 
Activation temperature*- 200% .
«eight of a c tiv e  sorbents- 1 . 9040 ,gm.
A fter sa tu ra tion  w ith e thy l alcohol, seventeen 
points on the desorption isotherm al were determined. Five 
adsorption poin ts we^ 'C located , followed by four desorptltm  
p o in ts .
I I I .4 2 .
P/Po q.OLZ. per p/Po q.tBi”. PÜ.
0.917 454.7 a 0.065 164.9
0.792 449.1 a 0 .4 8 1 2 7 9 .3
0.728 444,0 a 0.636 346.8
0 .691 429.2 a 0.710 393.0
0 ,603 358 .2 a 0 .934 435.2
0 .482 289 .2 0.601 352.2
0.417 2 ^ . 2 ' 0 .452 273.2
0.305 230.4 0.266. 218 .1
0.091 174.9 0.097 , 175.7
0 .041  . 154.8
. The isothermal i s  p lo tted  in  F i g . i I I .29«
}ixP8giment_40^ S ilica . @6 0 -  ' 0 % .
A ctivation temperature;- 2 00% ,
Weight of a c tiv e  sorbent;- 0 .9 4 4 2  g».
Twelve points wore obtained cn the desorption
isotherm al.
p/Po isfflg. -E§ï-ilL. p/Po o.mp. t)s
0 .8 4 6 429.2 0 .3 5 6 253.4
0.637 410.9 0 .2 0 4 217.0
0.554 380.1 0 .0 8 7 188 .0
0.465 320.1 0 .034 170.0
0.428 272.8 0 .009 154.0
The isothermal Is p lo tted  In F ig .I I I .30 .
I I I . 43.
Hxparlment, 4 1 . 3i l io a  Ge l D -  n-Propvlamine 0%.
Activation température;- . 200%.
W ai^t of a ctiv e  sorbant;- 1 .7840  gm.
. %e gel was saturated and twenty-one points on 
the deaorx’tion  isothermal were detarminsd. After resaturatior. 
seven mors points on the descending cui*ve were obtained, 
followed by four points m ttie adsorption isotherm al.
iVpo o.mp. ncr mo. r/P q
0 .^ 7 436.8 0 .0 3 5 199.5
0.732 . 427.7 0.013 188.0
0 .582 420 .4 0 .8 2 6 430.5
0.540 413.5 0 .603 423.1
0.515 400.5 0 .396 315.2
0.408 382.1 0.313 284 .0
0.462 364.9 0.360 . 297.0
0.363 304.7 0.496 346.4
0.296 274.5 0.545 371.8
0 .182  ' ‘ 240.2 0.613 407.3
The isothermal i s  p lo tted  in  P ig .I I I .3 i .  I t  
la  en tire ly  reproducible.
Activation temperature;- 200%.
Woii^t of active  sorbent;- 1 .9246  gm.
/iftar  saturation, twenty-throe points on the 
desorption isothermal were determined by the method of 
'pressure change', followed by f iv e  points by d irect  
weighing. Five points cm the ascending branch of the
111.44;
curve were determl;iecl, and the g e l ¥;as saturated and l e f t  
overnight. Nine desorption points were then determined.
p/P q i/p p d.mc. per gp,
0.946 452.5 0.056 240.7
0.621 438.2 0 .0 1 2 221 .2
0.494 417,8 a 0 ,168 267.0
0.454 394.6 a 0 .314 309.0
0.403 366.2 a 0 .516 376.4
0.318 324.4 a 0.562 405.3
0.297 310.1 a 0.659 433.7
0.215 281.8 0.966 478 .7
0.130 , 260.7 0.556 446.9
The isothermal i s  p lo tted  in P ig .I lI .3 2 . At
f i r s t  i t  axjpeared to be reproducible, but when the g e l was 
resaturated there was a considerable s h if t  away from 
the pressure a x is .
Experiment 4 3 . S i l ic a  Gel D -  25%.
Aotivatlcwj temperature:- 200% .
Weight of a ctiv e  sorbent:- 1*9044 gm.
The gel Yias saturated with n-amylamine and l e f t  
for  four days. Sixteen desorption points were determined, 
followed by three sorption poin ts. The desorption 
isothermal was not repeated.
I l î . 4 5 .
P/Pu » » psp ffdï#m# W'li m, ' u lu#####* p/P q a.mg.
0.910 468.3 0 .2 2 4 391.1
0.680 456.5 0.097 287.6
0.483 443.2 0.041 270.9
0.438 437.6 0.016 258.9
0 .404 427.0 a 0 .181 317.6
0.379 403.6 a 0 .4 0 6 383 .6
0.336 ■ 377.3 a 0.56e 423.1
0 .282 352.0 • '
The. isothermal i s  p lo tted  in  P ig ,I I I .33» &nd 
i s  apparently en tire ly  reproducible.
Sxperiaent 44 .  S il ic a  Gel I) -  n-ttexyl aaine 25%. 
Activation temperature:- 200%.
Weight of a ctive  sorbent:- 1 .6994  jpt.
' The gel was saturated, and l e f t  for  several 
days to reach equilibrium. Two su ccessive desorption curves 
were determined. These did not coincide, there being a 
strong s h if t  towards the pressure a x is .
eleven points were obtained on a third  
desorption isotherm al, followed by four points on the 
ascending curve.
p/po p/po a .mg. 1
0.798 437.9 0.067 302.3
0.615 434.0 0.016 a so .o
0.438 4 3 3 . 1 a 0.165 334.Ü
0.358 421.8 a 0.429 394.1
111.46.
’bcpar iment  44  (oçgitd. )
b/Pq g .ma. per am. p/pp asffi&!_2 â.Ç„JSa.
0.293 389.9  a 0 .374  432.5
0 .207  348.3  a 0.717 438.1
The Isothem al Is  p lo tted  i/i P ig .I I I .34 .
The system has apparently se ttle d  down to give a reproducible 
isotherm al. ’
"xperlment 4 5 . ü llio a  Gel û -  nmHeptylwdne 35°C •
Aotlvatlcm temperature:- 2C0 %.
Weight of a ctiv e  sorbent:- I.7278 gps.
The gel was saturated and l e f t  fo r  several 
days, when eleven desorption points were detem ined. I t  was 
saturated again and the desorption iaotherm&l was checked.
The Isothermals are p lo tted  in  P ig .I I I .35. There 
i s  a s h if t  toworus th< pressure a x is , and the two isotherm als
d if fe r  in  shape, the original curve having s«ae d isco n tin u itie s  
and showing no xjoint of. in f le c t io n  in  the h ysteresis  region .
. An a ir  leak  prevented Wie detsadnatian of a th ird
desorption, isothermal.. . .
.É6.  ^ 350^.
Activation temperature: -  200®C.
Weight of a ctive  sorbent;- 0 . 9916 gm.
Nine desorption points were determined, a fter  
the gel had remainea saturated for several days.
I I I . 47.
P/pp
0.743 437.1 0 .1 8 9 957.8
0.455 430 .5 , 0 .1 2 4 329.9
0.327 426.2 0,074 314.2
0.290 412.3 0.034 301.7
Û.229 388 .2
The isothermal i s  p lo tted  in  red in  P ig .I I I .35*
I t  i s  very nearly ooinoiaent with the f i r s t  desorption  
isothermal of the previous e)g;>eriment, hut shows a point 
of in fle c tio n  wittiin the h ysteresis  region.
ibcperimant 47 . S il ic a  Gel D -  t-Butylamine 0%.
Activation temperature:- 200%.
W ei^t of a c tiv e  sorbent:- I.7654 gra.
The g e l was saturated and twelve desorption
points were determined. After resaturation , f iv e  more
points on the descending curve were obtained, followed by
one aasorption point, to locate the beginning of the h y steres is
loop.
P/Po pur 0®# WPo p®E_ai-
0.779 409.1 0.191 237.8
0.534 399.5 0.027 192.6
0.498 390.5 0.506 392.7
0.465 373.4 0 .3 8 0 316.3
0.438 357.3 0.312 282 .9
0.355 302.2 Ü.119 220.3
0.270 261.6 0.329 283.8
The isothermal i s  p lo tted  in  P ig .H I .36.
I I I .4 8 ,
I
.^acperiment 48 . • S il ic a  Pel ü -  Kthylene diamine 25®C. 
Activation temperature:- 200®C.
Weight of a c tiv e  scrbant:- . 1.8038  gra.
The gel was saturated and tw enty-five desorption  
points were determined. Five adsorption points were 
obtained, followed by four desorption p o in ts , to check 
the descending curve, which apmared to  have no point of 
in fle c tio n  wittiln the h ysteresis region.
p/Po ïV v, 3d2 g? per
0 .993 462 .1 0,125 262.8
0.729 464.4 0 .0 4 8 217.5
0.677 460.6 a 0 .1 8 6 290.6
0.638 459.5 a 0.264 316.9
0.506 455.5 a 0.496 413.0
0.471 459.5 a 0.603 450.5
0 .3 8 5 413.2 a 0.611 466.2
0.257 242.1 0 .3 9 9 423.8
0.157 289.1 0.312 371.2
0 . 2q6 322.8
The isothermal i s  p lo tted  in P ig .I11.37.
I t  i s  reproducible when allowance la  made fo r  the h l ^  
pressure region, which i s  erroneous, as 'pressure-ohange' 
was begun from saturation.
111.49.
teff£iffliaaLJa. ■ 811XH Pel ï? -  jaLol.fibssri^nff 25% .
Activation temperatures- 200%.
Weight of a ctiv e  sorbents- I.79O8 gn.
The g e l was se^>urated; twelve desorption points 
were.determined, and i t  was resaturated. Seven, desorption  
points were determined, followed by f iv e  adsorption poin ts.
I/Pp . a^Po aiSS;-, pei'u
0 .822 465.2 0 .9 7 8 466.1
0.578 , 457.2 0 .436 450.6
0.400 44fj.7 0.266 391.5
0.326 4 2 4 .2 0.197 . 355.9
0.228 367.6 a 0 .2 1 4 352.5
0.143 323.7 a 0 .233 360 .5
0 .104 301.1 a 0.317 388 .6
0.054 269.5 a 0.370 406.4
0.036 256.3 a 0.541 449.6
The isothermal i s  p lo tted  in Pig,1x1.3c
I t  i s  en tire ly  reproducible.
Experiment 50 . S il ic a  Gel D -  Pyridine 25%.
Activation temperatures- 200®0 .
Weight of a ctiv e  sorbents 1.8418  gm.
The gel was saturated; eleven desorption points 
were determined, ;md the gel was resaturated. Seven 
points on the descending curve were obtained, followed by 
one adsorption point, to locate  the beginning of the 
h ysteresis loop .
> !
p/Po a.mff. per m* ' p/po
0.706 ^ w  523.1 0.912 527.2
0.557 ' 512.5 0.455 5) 6 .6
0 .418 495.1 0.322 425.5
0.350 454.9 0.234 555.1
0 .2 8 4 397 .5 6.166 317.0
0.146 300.9 0 .0 2 0 208.  5
0.090 264.4 & 0 .266 ' ; 366.0
'^2
100
jô
D_Ei5c 
^nSQRPlllO
-S ia m a  tXlalQikplrio
’JZL
MO,
Fie s4 xl. .
Ai DR Biii.o ....  .
^ k à c i m . D: !Xtej$-OjkHiEK W
- L _ .
gû.û.
LQO
■Cortoi-
5.0jQ
GÛÛ
no
Ocn  cÆ-_<:3mL JI>.
r2 ùa
;iow  ^
Nrjl ffiEfeiDlRPTION
I I  i { !
0-RPT lOfSL. .........
IrOQZ
ÿ cj i i  i ’ îi
2 ÛQ.
/^ jD .è û k P !T io .r^ ...
5 ecOritDl J
Fü5u r ç  .IUi -2'2
2 0 Ô
IILj 3  ' S i  5 u L l c  &1J1 ÎH .L
im
ma
3.IL1ÆAI
f Ifesi . .5 AMP1.E--.(3).-F Rst J 5.PTI OIH
...............I .......... . A:PEcbm D i)E.'30!^T Ol
I  L  t  I  i
5BZ0 ?ArkPi>E<p---i--J -^£^Qg n  ON....
55.
i2Û.Û__
5 feCQND
Lûû
o\a J'IQ.
36
EW
Ad SàRPTlO N . .....-
_5 EC xdfL£T.i
1-0
E t H ^ D Ê h l E  ; 5 Î 5 ‘^ C3 'Z.\ ;û
5 à a
3 ÛÛ
MüuRE.: m
3 0 0 .
1 1 1 .5 1 .  '
F, Preea ing Point of Adsorbed ijthyleyie niamina 
ibrpv riment 51.
A sample or* SiC^D (about 2 gm. ) was ac tiv a ted  
a t 20C'®C. fo r  six teen  hoars, and was saturated  with ethylene 
diamine. Shen equilibrium  had been estab lished , the amine 
was desorbed u n t i l  the pressui'e a t 25°C. was $.41 mm.,
i . e .  the gel held  about 430 per ga.
The temperature of the batli surrounding the 
container was than Vf^rled, and t) e pressure of vapour above 
the gel was measured, using the cathetaaeter and the low
pressure manometer.
t 43.
3 .0 0 .63
0 .0 0.32
0 .6 0.37
1 .4 0.45
2 .0 0.50
2 .7 0.56
4 .3 0.72
î â l .
12éi 1.90
8.2 1.17
5.7 0.87
4 .0 0.69
2.3 Ü.52
6.3 0.93
0QB.de :
' ^/?®A. * 3.620
is  tiierefore 3.The freo z in r peint# of t»he so^bat#e how o #2^Ce
Tjixperlment 52» .
The sample of gel used in the previous 
experiment vrassaturated with ethylene diamine, so th a t 
i t  appeared wet, a n d ,le f t overnight. The observations of 
the previous experiment were repeated with the sa tu ra ted  g e l.
t°c %om. t°C. Item.
1 . 5 . 1 .78 11.8 , 5 .3 4
2 .2 1 .9 2 1 3 .3 6 .17
2 . 9 . 2 .1 3 1 6 .0  . 7 .27
5 . 0 . 2 .6 5 1 7 .7  . 8 .2 0
5 . 9 . 2 .9 9 18.8 . 8.87
7 . 3 , 3 .5 6 1 9 .4  . 9 .37
8.7 4 .1 5 1 3 .8 6.27
1 0 .3 4 .9 6 1 0 .9 5 .1 2
The v aria tio n  of logj^^p and V ^oa shown 
in  P ig .I I I .4 1 . (Blaok po in ts).
The position  of the break in  curve shows th a t 
the freesin g  p o in t of Wie sorbate i s  10 . 0% .
Experiment 53.
Some ethylene diamine was d is t i l le d  in to  an 
empty contsdner and vapour pressure measuremtvits were taken 
in  4ie same way as in  the two previous experim ^ ts. The 
re su lts  are p lo tte d  in  red in P i g . i l l . 41 .
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0 . Vmpwp fm eau r#
■Th« oxperlfflental mothod, has a lr e w iy  bssn 
described. Detailed re su lts  w ill not be quoted, but ttie 
value a t  the required temperature, together with a graph 
fo r values vhich were obtained over a range of temperatures, 
w ill be given.
Kxneriment 54. Vapour Pressure of n-Pronvlanlne mfc 0 % .
Six retsdings were taken, whi<^ agreed w ithin 
0 . 1#. Ihe mean value was oalCRilated.
Vapour Pressure of n-JTc©yl«aine a t 0°C. = 94.88 ma.
TIiis value is  not in  agreement with values 
in  the l i t e r a tu r e ,  whicAi d iffe r  widely from each o ther.
By extrapolation of Berthoud's data (17 ) the 
vapour pressure a t  0 °C. i s  found to  be 97*^ mm. The da ta  
of Simon and Kimmerle (18) , by sim ilar treatment ^ v e s  
approximately 106 na.
Mow recent fig u res , determined lay Copley, 
Ginsberg, Zellhoefer and Marvel (1 9 ) extrapolate to  the very 
low value of 82 mm. at 0% .
Kxperiment 55. Vaoour iBWWure of n-Butylamine a t 25% ^
iiôiicllngs were taken from 20%# -  30%#
A p lo t of loglo%ii against given in
P ig .I I I .4 2 .
Vapour pressure of n-butylamine a t 25°C. ® 95*b7 mm.
The only other data, which could be found a f te r  
an extensive search of the l i te r a tu r e > was th a t of Copley
111.54.
and Ids oo-workors (19; which gave the low value of 60 mm.
Kxperiment 56. Vapour Pressure of «N-inri
Headings were tsOcen from 20®C. -  50®C., and a 
p lo t of logiQ ac'ainst V<poa,1s given in  P ig .III .4 3 .
Vapour Pressure of n-anylaoine a t 25%. = 31.77 laa.
Sxperiment 57 . Vwkw A # s a ^  of n-Hexylamine at 25°C.
Readings were taken from 20°C-- 30% .
^ ^ 10%D p lo tted  against V tO a.1" P ig. 111. 44 .
Vapour P ressure of n-hexylamine a t  250c. » 9.69 on.
»
acp srim g n t 5 8 . Vanour P re ssu re  o f  leffMBpfcvT a t  35% .
Headings were takma from 30% .- 40% .
A p lo t of log^Q p^ against VjO^.i® given in  P ig .iI I .4 5 .
Vapour prossure of n-heptylaiaine a t  35°C‘ “ 6.46  mm.
!5cperiment 59 . Vapour Pressure of ♦—agt.yi^ t e e  a t  8% .
.
Six readings were taken a t 0% . %ey were 
in  good agreement.
Vapour p ressure of t-butylamine a t 0% . = 116.2 ma.
This agrees well with the only other value which 
could be found in  the l i te r a tu ie .  Brown and Pearsall (20 ) 
record a vapour prossure of II7  :m. a t 0% .
Experiment 60. Vapour Pressure of Cyelohexylamine a t 25% . 
Headings wore taken from 20 °C. -  36% .
L og,pP^is p lo tted  against V t®A. in  P ig . i l l .4 6 .
Vapour pressure of oyelohexylamine a t 25%. “ 9.46  mm.
Fmik.
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H. Surface Tension Hüaaureraanfca»
a>i:fma..3'gnii9n 
A p lo t  of temperature against d ifferen ce in  
height between the m enisci in  ttie two limbs of the U-tube 
i s  given in  S’ig .I I I » 4 7 «
Difference in  height at 35°C. i s  20 .38  mm.
Surface tension  of n-heptylamine at 35®C* * 23.96 dyne.cm.
Experiment 6 2 . Surface Tension of t-Butylamine at 0 °C.
Several values of d ifferen ce  in  h e i^ t  were 
taken at 0°C. These agreed w e ll.
Mean d ifferen ce in  height at 0 %. i s  I7 .92  mau 
Surface ten sion  of t-butylamine at 0 °0 . = 21*32 dyne.om.~^
Experiment 63. Surface Tension o f Fyrid^^ at 25%.
A p lo t of tanperature against d ifference in  
cap illary  height i s  given in  P i g . I l l . 4 8 .
D ifference in  height at 25°G. i s  23*26  mm. 
surface tension  of pyridine at 25®C. = 37*95 dyne.cm.
4H-
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’xperlroanti 64 . g e r r lo  Oxide G el.
A c t iv a t io n  te m p e ra tu re :-  150®C. 
S p e c if lo  g r a v i t y : -  4 .5 6  p a .c .o . " ^
l 2Bg£iw§C.t„à'Sa. S i l ic a  Gel Bo*
A c tiv a t io n  te m p e ra tu re :-  15D®C. 
S p e c if ic  g r a v i t y : -  2 .07  g m .c .o ." ^
Experim ent 66 . S i l i c a  Gel C.
A c tiv a t io n  te m p e ra tu r e :-  200°C. 
S p e c if ic  g r a v i t y : -  2 .1 6  gm. c . c . ”^
E xperim ent 67. S i l i c a  Gel D.
A c tiv a t io n  te m p e ra tu r e :-  200^0. 
S p e c if ic  g r a v i t y : -  2 .11  p n .c .c . " ^
^ 7 -
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J .  S u rface  A rea M aasureroents
Sxperim ent 6 8 . D e to m in a tlo n  o f Joacl Cnaoe Volumes
T y p ica l d a ta  a re  qu o ted  f o r  th e  d e te rm in a tio n  o f 
each volisne.
a )  De te rm in a t io n  o f c .o .
PlCcas.i p2 (oms.) gj^Cc.o.) g 2 (c .c .} V_= P is i"  P2S2 ■
P2“ Ï1  
...... _ l5 ,c ,
17.95 35 .80 52.54 12.67 9 .8 2
17.95 55.02 32.54 5.9e 9 .8 3
17.95 4 2 .9 5 52.54 7.87 9.81
4 2 .9 5  ^ '! 55.02 7 .8 7 3 .98 9 .86
53.80 4 2 .9 5 12.67 7 .87 9 .8 7
35.80 55.02 12.67 5 .98 9 .8 7
Average V& = 9 .8 4  0 .0 .
b) Determination of = (Va +
Bulb at 25®C.
P2^(oms.} P2 (oc38. ) B x (c .o .) 18 2 (0 .0 .)
54.86 65.00 36.12 25.63 43.93
54.86 . 75.68 36.12 15.67 43 .96
65.00 73.66 23.63 15.67 4 4 .0 2  i
Average + Vb = 43.97 0 .0 .
Vg) = 34.15 C.O. ’ ■
 ^ "  ^ ' 'D  111 . 5s .
0) Determination of V«
Bulb at 90«2?K. ThejMiostat at 298®K.
Equation ( 7 J (page I I . 43 ) booixnes;-
V S3 *NTF (43.97 + g  * 7§ 1
Vktp • ««0
Reading g i0 .G±l £LL(o“3. ) à â
1 29.78 33.18 30.15 27.70 0 .840
2 35.93 12.87 36.47 24 .64 1.017
3 39.76 3 .35 40 .42 22.67 1.129
V _
Combination of the follow ing pairs of readings gives for  V^t- 
Readings Vq( c. c. j
1 + 2  17,29
1 + 3 17.40
2 + 3 17.41
Average Vg = 17 .37  c.o*
Using a d ifferen t charge cf oxygem:-
Heading elcm s.j £ l(a » 8 . / à I
1 33.76 38.88 34.24 33.65 0.956
2 42.25 13.76 4 2 .9 9 29.39 1.201
3 47.47 2.72 48.41 26.72 1.355
Comblnatlontf the following pairs of readings gives for  i -  
Readinfrs Vq(c.o. )
1 + 2  17.39
2 + 3  17.34
1 + 3  17.38
Average « I7 .37  o .c .
5 ■f
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• * 9 .8 4  c .c .
Vjj * 16.76 o .c . . ! j^r^
V g - 1 7 .3 7 0 .0 .
DeierMnatj-on e f  the Isothermal s
The oxy- i^m Isothem al» woro determined in  the
*
manner already described. In the ease o f fe r r ic  oxide 
and s i l lo a  gel D m ly  the lower pressure recdon %ao 
in vestigated , imt a oariplète iso th am al was obtained'm  
s i l i c a  gel BF>, jkn order to  add to  thé data concerning the
s iz e  of the h ysteresis  loop.
V
A speeliaen calcu lation  Is  given in  ttie ease  
of sotne of the r e su lts  cm fe r r ic  oxide g e l .
gxu3riment 69 . fe r r ie  Cocida del -  Oxvrcn. 96 . 3®K.
Activation temperature*- 1^®C.
Woi£*t cf active  sorbent*- 1 .108  gp.
The following dead space volumes are usou.*- ,
Va " 9 .8 4  c . o . ; (Vy + Vq) » 26.60 c .o .;  J
Vo' * Vo -  Vg « 17.13 o .c .  (Vo « 17.37 o .c . and
Vg » 0 .2 4  C.C. from spooii'ic gravity  in  CGI4)
For eaoh point on the isothormal there are two
lin e s  in  U;e ta b le , denoted by ^ and b resp ectiv e ly { a
re la tes to the quantity of gas in  Uie burette before
a c ^ ss io n  to  tliu g e l ,  end b to the equillbritxa rcadin+s of
pressure end volume obtained a fte r  opening tap Tg (F ig .11. 6 ) .
The amount ausorbed Is  detcm inod ty  subtracting
.-«VE-
- -0 ' the residual gas in  the dead space from the to ta l gas
^ present in  the system, caiouleted by suaiainjj Uie
3 ^  
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incréments added from the burette up to that point.
Column Vi gives toe gas in ti;e burette reduced 
to N.T.P. ; when finding the actual amount added, one imist 
remotfiber to eubtraot the previous "b” volume of column v i;  
e .g . the quantity of gas admitted in  point i s  
(11.09 T 0 .4 1 ) = 10 . c. o.  and the to ta l amount admitted, 
given in  column x i i ,  i s  (10.66  + 3) . 93 ) “ 44.61  o .c .
V The to ta l gas adsorbed, colunn x l i i ,  i s  calculated
by subtracting from x i i  the to ta l amount l e f t  in  the gas 
phase x i ,  which ia made up of the part at 25%, v i i i ,  and 
the part at 90 . 3°K . a ll at h.T.P.
The pressure readings are a l l  corrected for  tlte 
expansion of mercury at 25®C.
A summary of the resu lts  obtained for th is  
system i s  given below:-
v/ V q . v o .o. per gm. tV^ Pp y c .o .per gm.
a 0.038  27.89 a 0.226 46.97
a 0.081  34.14 a 0.278 51.26
a 0.126 38.54 a 0.356 58.69
a 0.155 41.01  a 0.445 68.74
The Isothermal i s  p lotted  in  F ig . l l l .4 9 .
A p lot of P/p^ against ^/v(pp -p ) Is shown 
in  r i g . l l l .5 0  (B .a .T . p lo t) .
From the slope end intercept
0 = 42.17
Vg = 39.53 c .o . per gra.
I f  the cross-sectional area of the oxygen
molecule i s  taken as 14*1 ^ , the following relation  i s  
obtained for  the oaloulation of surface area;-
S = 3.792 Vg,
,* . Surface area of fe r r ic  oxide gel » I.50  x 10  ^ cmfper
Experiment 70 . S ilic a  Qel -  ûxyï?en 90»3^ »  
Activation temi)erature:- IJO^C.
Weigh*» of a ctive  eorbent»- 0 .826l ga.
Nine points on the ascending isothermal were 
determined, followed by seven desorptiw» points.
p/Po V o .c .  per rmj. p/P q V o .c . per gm
a 0.002 44.94 a 0.974 311.24
a 0.012 34.74 0 .8 3 5 307.28
a 0 .044 124.43 0.694 303.41
a 0.103 lb l.5 7 0.577 293.O8
a. 0.214 205.35 0.474 281.00
a 0.324 236.75 0 .402 265.25
a 0.493 273.91 0.338 243.57
a 0.735 301.42 0.272 224.80
%e isothermal i s  p lotted  in F ig .H I .51» and 
the B.S.T. curve in  F i3 .I lI .5 2 .
The B.S.T. p lot appears to break down at 
re la tiv e  pressures higher than about 0 . ) .  This i s  not 
altogether surprising as the isothitrmal i s  neither Type I I  
nor Type IV -  i . e .  there i s  no point o f in fle c tio n  in  the 
ascending branch of the curve, and so i t  i s  not S-shaixid. 
The calculation  of the surface area by th is  method i s  
therefore only ten ta tive .
111. 62.
Fran the slope smd In tercep ti-  
c = 37.00
“ 180.2  o .c . per gm.
.* .  Surface area of s i l i c a  gel Bg = 6.88 om.  ^ per gn.
Experiment 71 . S illo a  Gel D -  Oxygen 90 . 3°K .' 
Activation temperatures- 200®C.
Weight of a ctiv e  sorbents- 2 i 3347 0®.
Nine points on the a scm iin g  isothermal were
determined.
p/Po X_9..fit_BS£L130| . Wpo V o .c . D>3
a 0.003 39.09 a 6.056 107.80
a 0.006 , 48.80 a 0.087 126.80
a 0.010 62.10 a 0.121 141.05
a 0.020 75.67 . a 0.166 158.62
a 0.032 90.25 ■ '
The isothermal i s  p lotted  in  P ig .I I I .53» (md 
the B.::.T. curve in F ig .III .5 4 .
From the slope and intercept of the B.E.T.
curvei-
; . . , C » 33.5
Vg, “ 149.2 00. per gn.
.* . Surface area of s i l i c a  gel D = 5.66 x 10 cm. per gn.
mm
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A. G enw al Remarks
The r e s u l t s  f o r  Uie d i f f é r a n t  g e l s  w i l l  be 
d is c u s s e d  s e p a r a te ly  a s  t^ie ty p e  o f iso U ie rm al o b ta in e d  I s  
l a r g e ly  d ep en d en t on th e  o a p l l l a r y  s t r u c t u r e  o f th e  g e l*
On th e  w hole , re p ro d u c ib le  r e s u l t s  have been  
o b ta in e d , w ith  th e  e x c e p tio n  o f th e  system s nH suty lam ine -  
S i l i c a  g e l Bg and S i l i c a  g e l  D. In  o th e r  o ase s  th e r e  have 
been  s l i f t i t  s h i f t s ,  b u t  a  re p ro d u c ib le  iso th e rm a l h a s  
g e n e ra l ly  been  o b ta in e d  a f t e r  th e  g e l  has been  s a tu r a te d  a  
second  tim e . The n o n - r e p r o d u o lb i l l ty  o f th e  r e s u l t s  from  
th e  S i l i c a  g e l  C system s h as  ed.ready been m entioned*
IV.2 .
B, Ferric Oxide Xaothennals
The isoUiejmialB are e ssen tia lly  the seme shape as 
fe rr ic  oxide isothermals described by previous workers*
1h@ curves are characterised by a steep f a l l  from sa tu ra tion  
to a re la tiv e  pressure of 0*4 “ 0*7» when they bend, and 
run nearly p a ra lle l  to  the ocncentration axis for some 
distîuîca* They f in a lly  band again and f a l l  steep ly , 
api)saring to  cut the concentration axis saiiC distance from 
the origin*
I t  has not been possible to  investigate  the 
course of the low pressure.region in  great d e ta i l ,  using the 
technique described hero. Although some of the isottiermals 
appear to be convex to tlio pressure axis down to  aero 
pressure (Type Vj,  th is  is  probably not the case. Foster 
has investigated the low pressure region of iaany systems, 
using a P iran i gauge (22), and has found thd* the isothermal 
is  concave to  the pressure axis a t very low pressures in  
every case (Type IV isothoi-caals). The pressure at which 
th is  concave region begins is  often too low to be detected 
by the gravim étrie technique, unless the sorbatehas a high 
saturation  vapour pressure. In the oxygen isotherm al, 
however, i t  can be seen c lea rly .
The in i t i a l  otxioave region is  associated with 
the formation of the unimoleoulur la y e r , and, as none of 
the isothermals can be f i t te d  to  the Langmuir equation, i t  
is  apparent tha t the unlmoleoular layer is  completed a t 
extremely low re la tiv e  pressures. The i n i t i a l ,  l in e a r
IV .) .
part» of tihe Isothermal I s  therefore due to the build ing up 
of the second ana h i^ e r  layers.
In a l l  oases a h y ste resis  region was observed 
In Uic Isotherm al. This has been a oharao te tis tio  of 
f e r r ic  oxide isotherm als described by previous workers..
The tiyateresis has been ahovm to  be p e rs is ten t and not
due to  the presence of im purities or permanent gas 0* 2) ,2 4 ).
In general, reproducible re su lts  ware obtained.
In the cases of n-propyiamine and n-butylamino there was 
a s h if t  in  the hysteresis  region, the former ind icating  eui 
increase in  cap illa ry  radius and the la t t e r  suggesting 
tha t the pore radius had been diminished. I t  is  possible 
to  account fo r an increase in pore radius by assuming 
th a t the sorbate removes traces of water, which ranaln a f te r  
ac tiva tion . This i s  consistent with the moisture Wiat 
was detected in  desorbed amines in  one or two oases. The 
diminished pore radius could only be explained by water 
molecules being replaced by amine m olew les. n-Butylamine
is  extremely hygroscopic and ml0 i t  well remove water 5
L^ t3
molecules from some active spots in  the c a p illa r ie s . 
n-Butylamine molecules might then become so firm ly attached 
to the gel th a t they could not be removed by evacuation a t 
room temperature, which was tiie normal procedure between 
two successive desorption iso th e m a ls . The larger s ize  
of the n-butylamine molecules would tlien give r is e  to  a 
smaller e ffec tiv e  cap illa ry  radius during the second 
desorption.
IV. 4.
Except in the case of nHieptylamino, the only 
other sh if ts  th a t were apparent were in  the high pressure 
regions. These have been a ttr ib u te d  to  ' s e tt l in g  down' 
of the gel.
itao (24) has reported tha t successive aesorpljon 
isoWioi’iuals of water on fe r r ic  oxide gel s h if t  continuously 
The to ta l cap illa ry  volume decreases and the movement of 
the hysteresis  loop indicates a widening of capillskries. 
These re su lts  ot»ifirm those of Lambert and Foster (2 )) who 
also reported th a t permanent gas was lib e ra ted  from the gdl 
when i t s  water conttait had been ra ised  to about tw o-tliirds 
of the sa tu ra tio n  value.
The water isothermal obt,iincd in  the present 
oxperimonta does not appear to  have a closed loop, but the 
system was not examined fo r fu rth e r  d r i f t .
The carbon ts tra d ilo r ld c  isoUiermal determined by 
hao (24), lik e  the m ajority of the Isothermals presented 
here, was e n tire ly  reproducible.
The w e i^ ts  and volutiss of the d iffe ren t scrbates 
taken up a t satviration are shown in  Table IV .l. I t  i s  
ap^)ai*ont th a t  approximately equal volumes of d iffe ren t 
sorbates are necessary to  sa tu ra te  the g e l.
Further proof of compliance with (kirwitac^i's 
Rule (25) i s  given in F ig .IV .l, where the number of moles 
adsorbed a t sa tu ra tion  i s  p lo tted  against Uie reciprocal of 
the molar volume. Tfie points f a l l  on or near a s tra ig h t 
l in e , which passes th ro u ^  the o rig in . The point fo r
V'->c r
IV. 5,
water is  not included in  th is  f ig u re , but, by using a 
smaller sca le , i t  can be shown to  f a l l  on tiie same stradght 
l in e .
Broad and Poster (26) have shown that when 
'perso rp tion ' occurs the s tra ig h t l in e  Obtained by p lo ttin g  
sfîainst 'Vy does not pass th ro u ^  the o rig in , but 
outs the ax is: le .  sero ad so rp tlw  i s  associated ^ t h
a f in i te  molar volume.
TAB!a IV.1 .
Sorbate mg. per gm> v , 0. 0. moles
—  2ES-JEL*
Water )28 0.329 18.21
Sthyl alcohol 2)2 0.321 5 .46
Ethylamine 246 O.314 5 .43
n-Progylamine 2)8 0.322 4.02 ,
n-Butylsmine 252 0.342 3.43  g
n-Anylamlne 248 O.33I  2.84
n-litexylaciine 236 0.336  2.31
n-Heptylamine 256 O.333 2.22
t-Butylamine 237 O.332 3.24
Ethylene diamine 310 O.347 3 .16
Cycl ohexyl amine 284 Û.329 2.86
pyridine 328 0.330 4 .09
The variations from the 'mean value 
(approximately 0.33^ 0 .0 . )  are probably due to  the so lu tion  
of the amines in  the tap grease, and possib ly  a lso  to  
dead spaoe errors. I t  should be remembered Uiat the
IV. 6.
Isothermal s were detemxned a t d iffe re n t temperatures and the 
saturation  volumes calculated from the density of the liq u id  , 
aaino a t e a c h  temperature. Under those conditions the 5, , ^
agreement i s  good.
The aiiwrnt held in  the unlmoleoulai lay e r , 
determined by the 'Point A* method (27, 28), is  given in  
the f i r s t  column of Table IV.2. The values of Vjj* *hich 
should be constant i f  the moleo des are adsorbea on a 
fixed number of active po in ts, are given in  the second 
column, while column three shows the values of , which 
should be constant fo r the covering of a comtan t surface 
area with a film  of adsorbed liq u id . Tfils term is  g  :
exactly analogous to the expression which H
Ooldmann and Pclanyi (29) deduced^constant fo r the covering 
of a cm stan t surface area, as the molecular diameter is  
calculated from the expression:-
1.33  X 10~® (30)
The number of moles adsorbed per gram of 
sorbent i s  sensibly 0m stan t for the s ix  s tra ig h t chain 
monoamines, ethylene diamine and ethyl alcohol, vh ile  the 
product increases with increasing molecular w e i^ t .
The remaining sorbates show a g rea te r divergence fran  the
mean Vu value, while z<r^  has some claims to  cm stancy./M - g -
These re la tions can be seen also  in  Figs.IV2
and IV.3 . s is  p lo tted  against M in  P ig.IV ,2 and */
1 M
against ■*■/ 2 *^ig»lV.3.
IV. 7.
TABLE IV.2.
Sorbate zmg/gm. 1<? V j| moles/f3®* IQ^.gg-^u
Water 36 2 .CX), 24 .38
Ethyl alcohol 35 0.76 20.31
Ethylamine 30 0 .8 0 22.63
n-Propylamine 50 0 .8 5 27.95
n-Butylauine 64 0 .8 7 32198
n-Amylamlne 70 . 0 .8 0 33 .82
n-Hsxyl amine 76 0 .75 34.32
n-Heptylamine . 96 0 .8 3 41.63
t-Butylamine 42 0.57 2 2 .0 8
Ethylene diamine 49 0.82 2 4 .0 2
Cyelohcxylamine 68 0.69 2 8 .0 3
Pyridine 58 0.73 24.13
The re su lts  obtained In the ease of the s tra ig h t 
ohain amines are oonslstont with these obtained by Foster 
fo r the sorption of a liphu tlo  alcohols by fe r r ic  oxide gel 
(3). I t  has already been pointed out that Foster assumed 
th a t the molecules were oriented perpendicularly to  the 
surface, the adsorption forces acting  through the -OH group. 
Up to  now, i t  has not been possible to  estab lish  d e fin ite  
orien tation  of other sorbed molecules. Investigation  of 
the sorption of a largo number of substances of widely 
d iffe ren t type by Broad and Foster (32) fa ile d  to  y ie ld  any 
fu rther evidence fo r o rien ta tio n , ne ither ecu  Id a re la tica i-  
shlp between Vm and Vo-2 estab lished . They
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a ttrib u ted  th is  to  inoomplste covering of the surface in 
some oases, notably those cases where a hexagonal molecule 
was involved, as tliis may need to  be atoaohed a t a l l  
comers to  the surface. in the other hand, a s tra ig h t 
lin e  re la tio n sh ip  between and V^2 obtained in- the 
case of s i l i c a  gel B, ind icating  constant surface area (26).
In the lig h t of these conclusions, i t  has
beenvpossible to  in te rp re t the re su lts  obtained in  th is  
investiga tion .
I t  i s  probable that these re su lts  represent the 
covering of a constant surface area with an adsorbed layer 
of orientated  molecules, the forces caising adsorption 
acting tiirough ttie -NH2 group (by analogy with Uie a lcohols).
The constant value of Vjj is  thus exi>lained.
The 2/jj value fo r t-butylamine is  lower as the 
molecules occupy a la rg er area. This is  consistent wlUi 
the observations' of Garner, MoKie and Knight (31)» who 
investigated Uie sorption of alcohols from solution by 
charcoal, and found that the number of molecules required 
to sa tu ra te  the f i r s t  layer was p rac tica lly  the same fo r 
n-propyl and n-butyl alcohols, but was lower in  the case 
of i-amyl alcohol. Foster (3) a lso  found th a t fewer 
molecules of i-propyl alcohol were sorbed by fe r r ic  oxide 
gel. The low values fo r pyridine and cycl ohexyl amine 
may be explained in the same way, as the ring  s truc tu re  hus 
a larger cross-sectional area than the s tra ls 'h t chain hydro­
carbon residue.
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I t  18 In teresting  to note that approximately 
equal numbers of n-propylamine ana ethylene diamine moleoules 
are sorbed* This implies that sorption is  through one 
amine group only, and not both, as in  the la t t e r  ease only 
about half as many ethylene diamine moleoules would be' 
sorbed.
In Kig.IV.3, the points fo r  the s t r a i ^ t  chain 
amines and e tly l  alcohol are grouped together, a t 
approximately the same value. The points fo r the 
remaining sorbates, marked by crosses, l i e  away £rm  th is  
group, arni a s tra ig h t line  can be drawn through them, ' 
which passes through the orig in . The point for water 
also l ia s  on th is  lin e .
The l a t t e r  rela tionslîip  is  the same as was fotnd ^  
by Broad and Poster (2o) fo r sorption on s i l ic a  gel B, but 
Foster found tha t i t  was nut obeyed in  the case of the 
soiption of a lip h a tic  alcohols by fe rr io  oxide gel ( ) ) ,  when 
orientation was assumed. In the case of the present 
re su lts , i t  would not appear reasw able to  assume tha t only 
the s tra ig h t ohain compounds are oriented, and i t  i s  
sugf^ested th a t , even when o rien ta tion  occurs, Ooldmann 
and P u lary i's  re la tio n  (29) i s  obeyed, as long as the 
hydrocarbon residues attached to  the orienting group are 
of d iffe ren t types. Ahen the molecules are iden tioal 
in  a l l  respects except the le r^ th  of the hydrocarbon chain, 
the re la tion  i s  obscured.
The re la tiv e  pressuras a t which the points 
of in flec tio n  occur In the desorptton iscfherw ale,
IV.lO.
together with the cap illary  ra d ii calculated from them, by 
means of the Kelvin equation (33, 63); are given in  Table IV.3 ,
F a irly  good agreement in the cap illa ry  radius 
i s  obtained. Exact agreement i s  not to  be expectea as , 
although the true radius of the pores i s  constant, the 
presence of an ausorbea layer of one or two.molecules in  
thickness w ill cause a variation  in  the radius of the 
pore available fo r  cap illary  condensation.
Broad ana Fester (32) hwe shown th a t, in 
most oases, a construit value of the tru e  cap illary  radius 
can be obtained by the addition of a quantity equal to  twice 
the molecular diameter of the sorbed molecule to the radius 
calculated from the point of in fle c tio n . The calcu lation  
i s  based on the assumption tha t two adscrbedlayers are 
completed before the onset of cap illa ry  condensation. This 
is  ju s tif ie d  as th e ir  re su lts  showed th a t , except in  the 
case of water, the amounts held in  the unlmoleoular layer 
were about h a lf the amounts held when hysteresis began.
For water, the ra tio  was 1*3# and when three adsorbed layas 
were allowed fo r , the true pore radius agreed well with the 
value obtained from the re su lts  fo r tiie other sorbates.
Inspection of corresponding quan tities  in  the 
present investigation  indicates that th is  assumption may 
be permitted in  five  cases only. These are underlined 
amongst the "true" ra d ii calculated by th is  method in  the 
th ird  cclumin of Table IV .3. I t  i s  apparent that th%r 
show some tendency to constancy, whereas th^ other values
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are mostly la rg e r. Tills Is  not unexpected, as in  the 
la t te r  casas the amount sorbed when hysteresis begins i s  
considerably le ss  than twice Uie amount held in  the 
unlmoleoular lay er.
Sorbat e
TABLE I V ,3 .  
p/Pq m uius 'True' Radius (r^  ^ -t-2
Water 0.731 34.3 44 .6  (r  + 3W
ethyl alcohol 0.740 3 4 .4 4 & 1
Etbylamine 0.660 30.8 4 1 .4
n-lTopyl amln e 0.575 32.1 4M
n-Butylamine 0.576 34.1 45.6
n-Amylamine 0.513 34.7 47.0
n-Hexylamine 0.455 35.3 48 .0
n-Heptylamine 0.385 32.1 46.3
t-^utylamine 0 . 54fl 32.1
Ethylene diamine D.31I 33.5 44,3
Cyclohexyl amine 0.428 34.2 47.1 "
pyridine 0.480 33.8 45.3
The objection may be ra ised  that no account has 
been taken of the existence of o r ie n ta t lw , althaifdi i t  has 
been assumed. For the smaller molecules, whi<^ appear to  
give a constant 't ru e ' radius, the mean molecular diameter, ^  
calculated from the expression 1.33  x ^
cannot d if fe r  much from the length of the molecule. The 
same consideration would apply to  t-butylsm ine, which w ill 
tend to have a spherical molecxle, in  comparison with
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I t s  s t r a i g h t  o iiain  l a  o n er. I t  i s  p ro b ab le  U ia t th e  e r r o r  
invo lved ' in  making a  s im ila r  assum ption  in  th e  case  o f 
p y r id in e  and oyolohexylaialnd would n o t be g r e a t .
In  th e  Case of Uie Ibngar s t r a i g h t  cha in  
am ines, -  C^, i t  i s  obvious Wiat a  g r e a te r  e r r o r  i s  ' 
in v o lv ed . U n fo r tu n a te ly  th e re  i s  very  l i t t l e  d a ta  
concern ing  m o lecu la r d im ensions, and i t  i s  n o t p o s s ib le , to  
c a lc u la te  a c c u ra te  v a lu e s  f o r  th e  le n g th s  o f m o lecu les .
M ü lle r (34) has shown th s t th e  d is ta n c e  o f  
n e a re s t  approach between normal hydrocarbon m olecu les i s  
4 .7 5  w h ile  t h e i r  len^^th pan be e s tim a te d  by a llo w in g  
1 .2 9  Â, f o r  each  carbon atom. B ern a l (33) has shown th a t  
th e  d im ensions of s t r a i g h t  ch a in  a l c d io l  m oleoules a re  
s im ila r  to  th o se  of hyarooar’taon m o lecu le s , excep t t h a t  th e  
m olecu lar le n g tli  i s  in c re a se d  by 1 .0  becasue of th e  -OH 
group . The le n g th  of an n -propy lam lne m olecule i s  th e re fo re  
c a lc u la te d  a s  4 .9  X. There i s  no p u b lish e d  d a ta  o f  t h i s  
ty p e  f o r  am ines, b u t Hufjhes and Lipscomb- have shown
th a t  the  le n g th  of th e  C -  N bond in  m ethylam ine h y d ro c h lo r id e  
i s  1.47  8 -, and fu i  therm ore , th a t  C -  N bonds in  many 
d i f f e r e n t  compounds a re  1 .4  -  I . 5  in  le n g th .  A roup^i 
c a lc u la t io n  can be  made, assum ing th a t  th e  a d d itio n  of
1 .5  X. w il l  app rox im ate ly  allow  f o r  th e  -NHg group , which 
cannot d i f f e r  g r e a t ly  from th e  -OH group in  s i z e .
I t  i s  p robab le  th a t  th e  m olecules adsorbed  in  th e  
second la y e r  a r e  o r ie n te d  a t  random. The 't ru e *  c a p i l l a r y  i 
ra d iu s  shou ld  th e re fo re  be o b ta in e d  by th e  a d d it io n  o f
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( ' / +  <r) to  th e  raciiua oalou la teU  by means of th e  K elv in  
e q u a tio n , Pj^, whaï'e t  i s  th e  e s tim a te d  m oleou lar le n g th .
V alues of <r and H a re  ta b u la te d  in  th e  f i r s t  
two columns o f Table iV .4  amd th e  sum (pj^ + ^  ) i s  g iv en
in  th e  t h i r d  ooluîun. ,
kÿ&cXt from th e  f i r s t  th r e e  s o rb a te s ,  f o r  
which th e  a d d i t io n  of tw ice th e  m o le c u la r  d ia a e ta r  was - 
j u s t i f i é e  s u r l i e r ,  th e  ' t r u e '  r a d iu s  in c re a s e s  s t e a o i ly  
w ith  in c re a s in g  nueabsr of carbon atom s. T h is i s  n o t 
unexpected  as  th e re  i s  no r e a l  ev idence  f o r  a d so rp tio n  
o f two la y e r s  b e fo re  th e  onset o f  c a p i l l a r y  conden sa tio n  
from th e  iso th e rm a l s .  V alues o f ( r ^  •¥ t  j f o r  th e  h i ^ e r  
members o f th e  s e r ie s  a re  ta b u la te d  in  th e  fo u r th  ooluim  
of Table IV .4 : -  i . e .  th e  assum ption  i s  made t t ia t  in  
th e se  cases  one com plete la y e r  only  i s  ad so rb e a , which i s  
more in  agreem ent w ith  ev idence from  th e  is o th e rm a l.
These v a lu es  ag ree  f a i r l y  w e ll w ith  th e  r a d i i  c a lc u la te d  
in  th e  p rev io u s  column f o r  th e  s m a lle r  m o lecu les .
The r a d i i  ta b u la te d  i n  T ab le I V .4 . , c a lc u la te a  
from ( r ^  + / +  <^ ) awl ( r ^  + -C) r e s p e c t iv e ly ,  a re  i n  f a i r l y  
good agreem ent w ith  th e  mean v a lu e  o f 4 4 .5  ^  c a lc u la te d  
from ( r^  + 2<r) a p p lie d  t o  th e  s m a lle r  m olecules {Table IV .3 ) ,  
and I t  i s  p ro b a b le  th a t  more a c c u ra te  d a ta  f o r  th e  le n g th s  of 
th e  m olecules would r e s u l t  in  b e t t e r  a?reem ent s t i l l .
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TABLE IV.4 .
Sorbate (rjç. +£ +(T)a.
Ethyl alcohol 5.17  3 .6 43 .2
Sthyl amine 5.32  4 .1 40 .2
n-Propylamine 5*73' 5 .4 43 .2
n-Butyl amine 6.16  6.7 47 .0 40 .8
n-Amylamine 6.49  8.0 49 .2 42 .7
n-Hexylamine 6.79  9.2 51.9 4 4 .5
n-Heptylamine 7 . 08 10 .5 49 .7 4 2 .6
Ethylene diamine 5.41 5.6 4 4 .5
Another source of error i s  in  the angle of 
orientation . Finch (36 ) has suggested that, "whilst normal 
paraffins mey orient normally to the surface, (th is has been 
questioned by Livingston ('}']) ) 9 end-substituted chains 
become t i l t e d  over, pointing in a l l  possib le d irection s, 
but orienting at a set angle to the surface. He assumes 
that la tera l forces tend to bind the hydrocarbon chains 
together to a density ch aracteristic  of the packing of 
normal long-chain par*affins. I f  the end group occupies 
more space than the methyl group, th is  density of side'ways 
packing i s  only possible when the chains lean over towards 
the surface, the degree of t i l t  from the normal increasing  
with the e ffe c t iv e  size  of the end group. I f  th is were the 
case, the correction to be applied in the above calcu lations  
would be a constant. The angle of t i l t  would be id en tica l  
for a ll the stra ight ohain amines as the same end group is  
operative in  each case.
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The ra tio  of the monolayer capacity to the to ta l 
sorption ( is  tabulated in  column one of Table IV. 5
TABLE IV .5 .
Sorbate z/QgC^) n n£. 8. T\<n 8
Water 11.0
Sthyl alcohol 13.9 13.50 48 .7 70.0
Sthylamine
V
n-Propylamine
14.7 13.00 53.2 69.2
21.0 9.00 47.6 51.4
n-Butylamine 25.4 7.16 48.1 44 .1
n-Amylamlne 28 .2 6.45 51.6 4 1 .9
n-Hexylaciine 29.7 6.13 56.4 41.5
n-Heptyl amine 37.4 4 .8 6 51.2 •34.3
t-Butylar.ine 17.7 10.78 66.9
Ethylene diamine 15.8 11.75 65.8 63.6
Gyclohexylamine 23.9 7.72 50.0
Pyridine 17.6 11.00 63.2
Foster has derived (49) a table relating the
percentage of to ta l volume of a cylinder represented by the 
f ir s t  layer tb the number of layers required to f i l l  the 
cylinder completely.
n 1 2 3 4 5 6 7 8 9  10
100 75 55 44 36 30 26 23 21 19
By reference to th is tab le  the values in the second 
column of Table IV.5 may be calcu lated . These represent 
the to ta l number of layers adsorbed at saturation.
In the third and fourth columns of Table IV .5 are 
shown the values of the products n2.(&) and n<r;(X.)
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with the exception of ethylene diamine, the product n£(Aj 
remains fa ir ly  constant throughout the aeries of ncnsal 
amines. In contrast to th is , n<r(8,) decreases with 
increasing molecular weij^t.
I t  i s  I n te r e s t in g  to  n o te  th a t n£(8.) has a  
mean v a lu e  of approx im ately  $1 8 . (e x c lu d in g  e th y len e  d ia n in e ) . 
T his i s  n o t f a r  removed from th e  e s tim a te d  v a lu e  o f th e  t ru e  
p o r e r a d iu s  of th e  f e r r i c  oxide g e l (approx im ate ly  44 8 ) .
The approx im ations in v o lv ed  in  th e  c a lc u la t io n  
of th e  m olecu lar le n g th s  have a lre a d y  been s t r e s s e d  and i t  i s  
obvious th a t  a  sm all e r r o r  in  th e  le n g th  i s  ^yfeatly  
maihd^l®-! In  th e  p ro d u c t n C (8 j. I t  i s  p o s s ib le  t h a t  w ith  
more a c c u ra te  d a ta  f o r  m o lecu la r d im ensions, b e t t e r  agreem ent 
would be o b ta in e d . i f  so , t h i s  would appear to  be f u r th e r  
evidence in  fa v o u r  o f the  v a l i d i t y  o f th e  K elvin e q u a tio n
( 6 3 ) .
To some e x te n t  t h i s  r e s u l t  i s  r a th e r  s u r p r i s in g ,  
as  a  c o n s ta n t va lue  of n t  which ag ree s  w ith  th e  r a d iu s  o f 
the  c a p i l l a r y  im p lie s  th a t  th e  m o lecu les ai'e o r ie n te d  i n  
each l a y e r ,  w hereas i t  has alw ays been assumed t h a t  
o r ie n ta t io n  only occurs in  th e  f i r s t  l a y e r .  I f  t h i s  were 
th e  ca se , th e  q u a n ti ty  |(n  -  1)(t + shou ld  be c o n s ta n t ,  
b u t t h i s ,  l i k e  n o - , d ec rease s  w ith  inci*easing  m o lecu la r 
w eigh t. I t  l a  p o s s ib le  th a t  t h i s  agreem ent i s  o b ta in e d , 
n o t because of o r ie n ta t io n  in  th e  aeccxid and h ig h e r  l a y e r s ,  
b u t because th e  dim ensions of th e  adsorbed  m o lecu le , nhose 
movemant may bo r e s t r i c t e d ,  approx im ate  more nesvrly to
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0 0£,A. than  to  crk» which i s  c a lc u la te d  on th e  b a s is  of a
ggherio& l m o lecu le . <r8 may only  be a  m easure of th e
m o lecu lar d iam e te r i f  th e re  i s  u n r e s t r ic te d  ro ta tic m  abou t
th e  carbon -carbon  bonds. I t  i s  i n t e r e s t i n g  to  n o te  t h a t  n r-
fo r  th e  v ery  sm all m o leo u les , and f o r  th e  b u lk ie r  m o le c u le s ,
has some tendency to  constancy .
The s u r fa c e  a re a  of th e  f e r r i c  oxide g e l ,
determ ined  by oxygen a d s o rp tio n , u s in g  th e  B .S .I .  m ethod,
i s  1 .5  X lO ^om .^per gas. The mean volume sorbed  a t  s a tu r a t io n
by th i s  g e l i s  0.331 0 . 0 . (T able I V . l ) ,
S ince th e  su rface :v o lu m e  r a t i o  of a  c y l in d e r  l a
g iven  by th e  r e l a t i o n
s = 2 
V r
r  = 4 3 .9  8 .
The agreem ent w ith  th e  mean v a lu e  o f th e  r a d iu s  
c a lc u la te d  by means of the  K elv in  e q u a tio n , 43.8  8 . (T ab le  IV .3 
-  u n d e r lin e d  v a lu e s )  i s  e x t r a o r d in a r i ly  good, and , as w ell as 
c o n s t i tu t in g  a f u r th e r  p ro o f of th e  v a l i d i t y  of th e  K elv in  
e q u a tio n , shows th a t  th e  approx im ation  in v o lv ed  in  t r e a t i n g  
th e  g e l as a  uniform  s t r u c tu r e  o f  c y l in d r ic a l  c a p i l l a r i e s  
i s  j u s t i f i e d .
An e s tim a te  of Uie s u r fa c e  a re a  o f a  so rb e n t 
can be o b ta in ed  from any Is o th e rm a l, and i t  i s  i n t e r e s t i n g  
to  see  how Wiese e s tim a te s  compare w ith  th e  ' s ta n d a rd ' v a lu e ,  
determ ined  by th e  B .B .T. method ( I . 5  x  lO^ora.^per g o .)  
R ep re se n ta tiv e  examples only  sure q u o ted .
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1) The volume of e th y l a lc o h o l taken  up d u rin g  
c a p i l l a r y  co n d en sa tio n  ( th e  e x te n t  of th e h y s te re s is  lo o p ) 
i s  0 .2 4 5  c . e .  The c a p i l l a r y  r a d iu s ,  c a lc u la te d  from th e  
K elv in  e q u a tio n , i s  3 4 .5  A ,(T able IV ,3 ) and th e r e f o r e ,  frcm
th e  r e la t io n  ®/v “  ^ / t> >•‘■k
s = 1 .42  X lO ^cm .^psr g n .
 ^ 2) The q u a n t i ty  of w a te r h e ld  in  th e  m onolayer i s  
3b mg. per gm ., o r 2 m illirao lo s  p e r  gm. The a re a  cf a  
w ate r m o lecu le , c a lc u la te d  from th e  d e n s i ty  o f th e  b u lk  
l i q u id ,  i s  12 .19  8 .^  T h ere fo re  S = 1 .4?  x  lO ^om .^per gm.
3) Ü.ÜOO76 moles of e th y l a lc o h o l a re  h e ld  in  th e  
monolayer (T ab le  IV .2 ) . Since th e  minimum a re a  occupied  
by one m olecule i s  2 0 .5  8 .^  (Adam ( 5 0 j ) ;
s = 0 .9 4  X lO^cta.^gm.
Alternatively, assuming the area of cross-section of one
m olecule to  be 26 ,72  8 . (from l i q u i d  d e n s i ty )* -
A ^s = 1 .22  X 10 cm. p e r  gm.
The low v a lu es  o b ta in ed  in  t h i s  c a lc u la t io n  a r e  
due to  th e  use of a  l a r g e r  so rbed  m o lecu le , which i s  unab le  
to  p e n e tra te  in to  th e  sm a lle s t c a p i l l a r i e s  o f th e  g e l .
The o th e r  two e s tim a tio n s  £^ve am 'face a re a  
v a lu e s  which a,gree w ell w ith  th e  's ta n d a rd ' v a lu e , o b ta in ed  
by th e  B.K.T. m ethod.
Vas iati < 3.n| _.c
.......................i-. FHfsRlC. iOxiCÆ
100
loo.
per gm
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c .  S il io a  Bp Isotharmals
A very important r e su lt  has emei^sd from the 
study of Uie adsorption isothermals of the a llp hatlo  aminos 
m  s i l io a  gel 82»
I t  has been danonstrated conclusively  that 
i t  i s  possib le  to  obtain a smooth tra n sitio n  between irrev ers­
ib le  and reversib le  Isothermals by increasing the s ia e  of 
the sorbate m olecule.
Broad and Foster (26) had found Wiat the 
s i l i c a  gel B-triethylam ine system had only a vsry  small loop  
but they fa ile d  to  fin d  a molecule large enough to leave no 
spaoe for ca p illa ry  condensation after the cænpletlon of 
layer sorption .
The pore radius of s i l i o a  gel B, ca lcu lated  
from the ethyl alcohol isothermal ( F ig .I I I .14b ), by means of 
the Kelvin equation, i s  1 4 . )  I t  i s  probable that two
adsorbed layers are comideted before the onset of ca p illa ry  
condensation. On th is  assumption, the true pore radius i s
24.7 X* . The molecular d iaaeter of trlethylaraine, ca lcu lated  
frau the re la tio n  <T = 1 . ) )  x lû “® Is  6 .8 9
The true pore radius of s i l i c a  gel B2 can be 
calculated  from the ettiyl alcohol and water isotherm als, and 
i s  approximately 2 ) .9  X.(assuming that four layers of water 
are aosorbed before the onset of cap illary  condensation»
U ils i s  ju s t i f ie d ,  as the amount held  in  the monolayer i s  
54 mg. per gm., and toe h y steresis  loop begins a t 198 mg.per 
gm.) The pore rad ii calcu lated  from the lower amines by
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th is  saetl od are sgmewhat tilgjhor: -  of the order of 26 
a fter  the oustoaiary allowance fo r  two adsorbed layc:rs has 
bean made. I t  i s  probable that th is  allowance is  in  excess  
of that actu a lly  adsorbed, as in  the case of fe n d e  oxide 
g e l ,  as in  each system the amount sorbed in  the monolayer 
i s  about 8 0 % of that sorbed at the bogirjning of toe h y steres is  
loop.
 ^ The n-amylamine molecule i s  the f i r s t  to  be 
s u ff ic ie n t ly  large to prevent h y s te r e s is . The moleculai* 
diameter i s  6 .49 &. i t  i s  unfort mate that the n-butylsaaine • 
s i l i c a  gel B2 system has shown anomalous behaviour. The 
water isothermal has a large loop , but the ethyl a lcohol and 
n-propylamine isotherm als have very small loops, The 
n-butylamine isothermal was not reproducible and apparently 
had a much larger loop. However, there i s  no loop in  any 
system where the m deoalar diameter of the sorbate i s  grsîÉsr 
than 5*75 The ethylene diamine isotheiiaal has only a 
small loop, and the diameter of the sorbet, e molecule i s
5.41
In confirijation of th is  important r e su lt , i t  
i s  possib le to quote some data of Qyanl and Qanguli ( ) 8 ) ,  who 
investigated  the adsorption of some a lip h a tic  alcohols on a 
s i l io a  g e l. They p lot desorption isotherm als fo r  m ethyl, 
eth y l, n-propyl and n-butyl a lc o h o ls , and f a i l  to comment 
on the disappearance of the point of in f le c t io n . The methyl 
a lotoo l isothermal i s  rather irreg u la r , but the ethyl 
alcohol Isothernal has a d is t in c t  point of In fle c t io n , and
IV. 21.
would probably have a moderate s ized  loop i f  adsorption points
were detem ined . 'Rie point of In fle c tio n  i s  s t i l l  present
in  the n-propyl alcohol isothermal but has vanished ooraplctely
in  the n-butyl alcohol isothermal; Wio few points that h a v e ^
been determined, in d icatin g  Type 1 isothexmtal.
•The oapillary radius a t the point of in f le c t io n
of the ethyl alcohol isothermal i s  13*9 Approximately
22 mg. per gra. are held in  the unlmoleoular la y er , and
45-47 Qg. per gm. a t the estimated p o sitio n  of the beginning
of the h y ste res is  loop, so two adsorbed layers are probably
completed before the onset of ca p illa ry  condensation. The
true pore radius i s  then calcu lated  to b e â i .l  which i s
in  good ^rrecment with the pore ra d ii of SlOpB and SiO,,B^.
I t  i s  in terestin g  to note that Foster (4 0 ) ,
who examined the adsorption of the a lip h a tic  alcohols from
methyl to n-butyl on SiOgB, found that there was no appreciable
chaBge in  the s iz e  of the loop. A p ossib le  explanation i s
0th at, whereas Foster determined isotherm als at 25 C ., Uyani
o
and (Janguli worked at 35 C ., and a l l  e x is t in g  data in d ica te  
that the s iz e  of the loop  decreases with increasing temperature
I t  must bo emphasised that a l l  ca lcu la tion s  
involving molecular dimensions are n ecessar ily  approximate. 
There are no r e lia b le  vttlues for the diameters and cro ss-  
sectional areas of molecules except in  a few iso la te d  ca ses , 
and furthermore, as the s iz e  of the c a p illa r ie s  decreases, the 
lim it  of v a lid ity  of the Kelvin equation i s  rapidly being  
approached. The good agreement obtained in  the cases
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discussed here shows th a t, even a t 20 2 , the equation i s  
s t i l l  r e lia b le  for  ecuiparative purposes.
The fundamental assumptions an which these  
calcu lations are based a r e ,f ir s t ,  that the g e l may be 
regarded as an id ea l system of uniform c a p illa r ie s , and, 
second, that the dimensions of the sorbete moleoule a ia  the 
main factors determining the shape of the isothermal. Attempts 
to makeva c lo se  comparison of a if fe r e n t  cases, however, show 
the im perfections of th is  assumption* Ih ia i s  well i l lu s t r a t ­
ed by the comparison of the alccdiol IsotAermals of Foster and 
of Qyenl and Ganguli on s i l i c a  g e ls  having sim ilar r a d ii ,  
as, while bearing in  mind the temperature e f f e c t ,  i t  i s  
obvious Uiat the actual shape and type of c a p illa r ie s  in  
the sorbent play some part in  the f in a l determination of the 
shape of tïie isotherm al.
These re su lts  confirm the most important prediction  
of the 'open pore' theory of h y s te r e s is : -  i . e .  the larger  Wie 
diameter of the adsorbed moleoules, and thus the Uiicker 
the adsorbed la y e r , the more e a s ily  w il l  an open pore of given  
diameter become blocked at i t s  narrowest poin t, with the 
subsequent disappearance of l^ysteresls.
i t  i s  apimrent from the Isotha-mals that the 
s is e  of the loop i s  governed, to  a large exten t, by the 
s iz e  of the adsorbed moleoule. This could not be expected  
i f  h ysteresis were due to iy s te r e s is  of the contact angle (4 1 ) 
or h ysteresis  in  two-dimonsional phase changes in  the 
adsorbed la y e r , as i s  somotimes found in  trough film s (4 2 ;.
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Furthermore, the evidence now presented i s  in  
d irect contradiction tc  the "ink-bottle" theory 143,4 4 , 4 5 ) .  
Aooording to  th is  theory, there should be no variation  in  
the s iz e  of the h y steresis  loop u n til the sorbate molecule 
beoomes too large to enter the 'b o ttle -n eck '. I t , i s  true 
that h y steresis  would then cease, W t there woild a lso  be 
a sharp drop in  adsorption as the in te r io r  surface of tlie 
gel ceased to be accessib le  to sorbate m olecules. Even 
i f  the d istr ib u tio n  of the diaaneters of the 'b o ttle -n eck s' 
wore governed by a probability funotion , as would seem most 
l ik e ly ,  i t  i s  obvious that there would be some considerable  
fa ll ix ^  o ff in  ausorytion, but, as w ill  shortly  be shovoi, the ^  
volumes adsorbed at saturation on s i l i c a  gel Bg obey 
Gui'witsch's Uule.
broad and Foster (20) reported a 'persorption' 
e ffe c t  with one sr lio a  gel (SlvgA) and attributed i t  to  
tapering c a p il la r ie s , open at t^ ir,w ider ends. The gradual 
fa l l in g  o ff of volume adsorbed with increasing raoleoular 
diameter i s  governed b^  the d istance which the molecule 
i s  able to penetrate into the tapering o ap illary . I t  may be 
oonoluuea, th erefore, that there are no 'in k -b o ttle ' pores 
in  a gel of ty i»  0.
Foster (46) has further shown that the gel used 
by Qyani and Oan:;juli was of tM  same tyxje, (a) ,  as the 
deviation from Gurwitsoh's lAile was the sarae as in  the case 
of s i l i c a  g e l A.
A study of the isottierm ais of the various
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sorbates on s i l i c a  gel Bg (F iga.lT U ^ -  111 , 2 1 ; reveals that, 
several d ifféran t shapes are M prasented. I t  i s  obvious 
la ssd ittto ly  that th is  variation  cannot be due to  the 
chemical nature of the sorbate, as the substances in vestiga ted  
were mainly amino compounds. wliere liyateresis loops are 
present the Isothermals are of Type IV (2 1 ;. As the s iz e  
of the sorbate molecule in creases, t2ie loop vanishes, but 
the low pressure, lin ea r  part of the isothermal p e r s is t s .
The tyi>6 of curve i s  Identical with that obtained by Foster  
for the sorption of the a ilj^ a tlo  alcohols on s i l i c a  gel A (4 0 ) 
and by many oWter workers$- i . e .  Fidgecm (4?) for the 
sorption of ethyl alodhol on a ' chalky ' ge l prepared by 
d isso lv in g  the basic  m aterial from serpentine.
The cyclc^exyiaisine and pyridine isotJiei’faals 
d iffe r  from those already d iscussed , in  that they are true  
'langmuir' (Type I) isotherm als:- i . e .  adsorption i s  very 
nearly complete a t low re la tiv e  pressures. These were 
characterised by HcBain as 'id e a l' isothei'mais (39 ) as 
he was of the opinion Uiat a l l  sorption iso th cm a ls  should tend 
to  th is  type as im purities were removed. A lternatively  » they 
are sim ilar to the isothermals of benzene on s i l i c a  g e l 
determined by Lambert and Clark ( 1 ) and by Pidijeon (4 7 ).
Beth Lambert and Foster (4 8 ) and Pidgeon (4 7 ) 
have rotnarked on the d ifference in  shape between benzene 
and alcohol Isothermals on the sm e  sample of s i l i c a  g e l .  
Pidgeon su ^ ested  that the vapour adsorbed might determine 
tlio fhaptf of the Isotlicrmal. I t  now appears probable
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that the molecular structure, as w ell as the molecular 
s iz e ,  i s  operative in  determining the shape of the isotheftnal.
No reversible isothermal with a low pressure lin ear  region  
has been reported for  a s i l i c a  gel -  ring compound system; 
and i t  i s  shown here that both oyolohexylamine, vnioh i s  
fundamentally a lip h a tic  in  nature, and j^rid ino, fundamentally 
aromatic, g ive Type I Isothermals.
I t  should a lso  be pointed cut that n-propyl-  
atai/ie, with a molecular diameter of 5*73 has an i s otherrcal 
with a d is t in c t  loop , whereas pyrid ine, of en tire ly  d ifferen t  
shape but with diameter 5*75 ^  has a typ ical 1^ 'pe I isothensaL
Lanigmuir p lots for  pyridine and cyclohexylamine 
are shown in  B’ig .IV .4 . The Langjnuir equation i s  obeyed 
over a short range of pressure. There are in su ff ic ie n t  
points in  the low pressure regions of the other systems 
to enable sa tis fa o to ry  Langmuir p lo ts  to be drawn.
The welg^its and volumes of Ure various sorbates 
adsorbea at saturation  are tabulated in Table IV.6 .
The volufi.es do not appear to  be constant, but a 
p lot of the reciprocal of the molar volume against the nunber 
of moles adsorbed (&’ig .I V .5 ; shows that GurwitscÆi's Rule i s  
obeyed. The point for water f a l l s  on the sarae stra igh t  
l in e  when a sm aller sca le  i s  used.
The abnormality o f n-butyl amine has already been 
m e n t i o n e d .  I t  can be seen froa Table IV, 6 that the 
amount adsorbed at saturation i s  exoeptionolly  large .
The q u an tities adsorbed in  the unimolecular
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layer, determined by the 'Point A* method aie givœi in  the 
f i r s t  oolumn in  Table IV.7*
TABLE iV ,6 .
Sorbate âfl. I 0^q«/M moles per ma.
v o l .o .c .
Water 398 . 22.1 0.399
Ethyl aloohol 324 7*05 0 .4 1 2  .
'^thylamine 313 6.99 . 0.446
n-Propyl amino 320 5.41 0.434
n-Butylafaine 410 5.62 0.557
n-Amylamine 330 3.79 0 .4 4 0
n-Hexylamine 338. 3.34 0 .4 4 4
n-Heptylamine 346 3.00 0.454
t-Butylamine 277 3.79 0 .388
Ethylene diamine 375 Ô.23 0 .4 2 0
Cyolohexylatuine 320 3.23 0.371
Pyridine 424 5.36 0.433 1
The 'z ' values for oyolohexylamine and pyridine ;
are calculated from the slopes of the Lananuir p lots in  PlgdV.4  
as the isotherm als have no lin ear  regicn.
The values of V j| dnd are tabulated in the
soomd and third oolutms of Table IV .7. %e nmibcr of moles 
adsorbed m  the unimolecular layer i s  not constant and 
decreases as the s iz e  of the molecule increases (water and 
ethyl aloohol excepted). On the other hand, vdth the 
exception of the water ana ethyl aloohol values, 
shows sane tendency to conatonnv.
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Sorbate
Water
Ethyl Alcohol
Ethylamino
n-I’ropylamine
n-Butylamine
n-Any lamine
n-Hexylain.inc
n—Heptylamlne
t-Butylamine
Ethylene diamine
Cyolohexylamine
lyrid lne
TABLE IV.7 . 
g mg. per an.
54
138
187
221
228
234
263
271
194
270
281
337
lO ^ /lL  a/îîiolea per gr,. M Qs
2.99
2.99
4 .1 2
3.74
3.12
2 .6 9
2.&)
2 .3 6
2.Ô5
4.50
2 .8 4
4.25
36.4
80 .0
116.7 
122.2
118.4
113.8 
120.1 
118; 6
102.9
130.5
119.0
140 .5
1 3 .6
42.5
59.3
69.1
55.5
70.8
77.8'
78.0
69.2
71.9
8 7 .3
79.5
V;i i s  p lotted  against V<r2 in  F ig .lV .6 . A 
large nuiaber of the points fa l l  on a straight l in e ,  # ilo h  
passes tjrough the orig in . The two values obtained from the 
Lang^ulr p lots are mafxed with crosses. In one case the 
ûf?ree«oent i s  ex ce llen t.
While the behaviour of water i s  kncflm to  
be anomalous, no explanation can be offered for the position  
of etlnyl alcohol on th is  i>lot. The evidence in  general i s  
in  favour of random orientation and there Is in su ffic ie n t  
data to peimit of any exceptions be in*; made. In any case 
the fact that a constant nujnber of moles of water and
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e th y l a lco h o l appoar to  be h e ld  i n  th e  un im olecu lar l a y e r  
i s  p robab ly  f o r tu i t o u s .
The percen tag e  o f th e  t o t a l  amount adso rbed  
talton up in  th e  f i r s t  la y e r  i s  shown in  the fo u r th  column 
of Table IV .7 .
In  a l l  c a se s , excep t th o se  of w ate r and 
e th y l a lo o h o l, th e  aaount h e ld  in  th e  f i r s t  la y e r  i s  more 
than  h a l f  th e  t o t a l  amount so rb ed , and in  most cases  th e  
f i r s t  la y e r  c o n s t i tu te s  70-*80/f o f  th e  t o t a l  s o rp t io n .
The su rfa c e  a re a  o f th e  g e l ,  c a lc u la te d  from 
th e  oxygen Is o th e rm a l, u s in g  th e  B .S .T . method, i s  
6.80 X lO^omf p e r gm. I f  th e  s u r fa c e  a re a  i s  c a lc u la te d  from 
Uie monolayer c a p a c ity  f u r  e th y l a lc o h o l ,  u s in g  26.72  X? 
f o r  th e  c r o s s - s e c t io n a l  a re a  o f th e  m o le c tla , the  low va lue  
of 4 .8 2  X lO ^œ a.^per i s  o b ta in e d .
Values of th e  s u r fa c e  a re a  c a lc u la te d  f r o a  th e  
monolayer c a x m c itie s  f o r  o th e r s o rb a te s ,  u s in g  th e  c r o s s -  
s e c tio n a l  a re a s  d e r iv e d  from l iq u id  d e n s i ty , show b e t t e r  
agreem ent w ith  th e  B .S .T . f i ^ x r e : -
e .g .  ■•d.hylaniine S, = 7*02 x lO^om^r per g a .
n-Propylam ine 3 « 7*20 x lO ^ca .^p e r gm.
6 pCyolohexylam ine S = 1,12  x 10 cm .-pei g a .
Tlie amount h e ld  in  th e  tnonclayer was obtadined 
by th e  'P o in t  A* method i n  th e  f i r s t  two exam ples, and from 
th e  slope of th e  Langmuir p lo t  in  th e  th i r d  example.
The agreem ent w ith  th e  D .S.T. va lue  i s  ■ 
good. This i s  perhaps r a th e r  s u r p r is in g  as th e  v a lu e  of
IV,29.
Vg, determ ined  from th e  s lo p e  and in te r c e p t  o f ttie B .E .T . p lo t  
i s  ocnsicteratoly h ig h e r th an  th a t  d e r iv e d  by th e  'P o in t  A* 
m ethod, in  th e  case  of oxygen. However, th e re  i s  no d a ta  
f o r  th e  v a lu es  of c in  th e  case o f Uie amines and F o s te r  
has shown t h a t , a s  th e  v a lu e  of c in c r e a s e s ,  'P o in t  B ' ;
approaches 'P o in t  A.*
Further_iisore, the  s u r fa c e  a re a s  d e te m ln e d  from 
th e  d a ta  f o r  th e  amines a re  n e c e s s a r i ly  te n ta t iv e  in  
view of th e  absence of r e l i a b le  c r o s s - s e c t io n a l  a re a  d a ta  f o r  i 
th e se  m o lecu les . ^
-H -f-
ÜJ _
g o
m ole
gm
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D, S l l lo a  &al G Iso th e r isa ls
Iti has a lre a d y  been p o in te d  out th a t  
I n v e s t ig a t io n s  on s i l i c a  g e l C -  a l i p h a t i c  amine system s 
ware no t com pleted , in  view of th e  n o n -re p ro d u c ib le  r e s u l t s  
th a t  wex-e o b ta in e d .
I t  i s  p o ss ib le  to  o b ta in  œ ly  a l im i te d  
amount of in fo rm a tio n  about t h i s  g e l .  The r e s u l t s
ob ta in ed  u s in g  th e  s ta n d a rd  a c t iv a t io n  taajpei'atui’s  of 200 '’c .
V
a re  d is c u s s e d .
The w eigh ts  and volumes adsorbed, a t  s a tu r a t io n  
a re  ta b u la te d  in  Table IV .8 .
TABLE IV. 8
S orbate g» mg. p e r  l o \~ /M  v o l .o .c .
moles n o r rtn.
E thy l a lc o h o l 427 9*2?
n-l'ropylamine 399 6.73
n-Butylaralne 3^4 4 .98
n-Aoylanine 348 3» 99
n-Hexylamin® 399 3*93
A p lo t  o f g s /jj a g a in s t  i s  g iv en  in
Pig.IY .7 Gurwltsoh" 8 iiule i s  obeyed.
The q u a n t i t ie s  o f  s o rb a te  h e ld  i n  th e  f i r s t
l a y e r ,  determ ined  by e x tr a p o la t io n ,  a r e  g iv en  in  T ab le  IV.9.
The values of th e  p ro d u c t * a re  a ls o
given  in  T able IV .9 .
Those r e s u l t s  a re  r a th e r  aaibiguous, b u t  the
number of m oles adsorbed  in  th e  f i r s t  1% 'er appears
to  have moro c la im s to  constancy  th an  ttie orodim t z<r /m
*
0 .3 4 4
0 .5 4 0
0.494 ;
0.464 i
0.524
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w hich, w ith  th e  ex cep tio n  o f th e  v a lu e  f o r  n -t» ity la tfline , 
increases v i th  in c re a s in g  m o lecu la r w e ig h t.
z i s  p lo t te d  a g a in s t  M in  F lg .lV .8 . Pha b e s t  
curve th rough  th e se  r a th e r  s c a t te r e d  p o in ts  i s  a  s t r a i ^ t  
l i n e  which p asses  through th e  o r ig in .
TxtSLS IV .9 .
S orbate per_.g!u. lO ^.z/M  
m oles p e r  gm.
z<r / a .
E th y l a lo o h o l 152 3.28 8 7 .3
n-Propylam ine 200 3 .3 9 1 1 1 .6
n-B utylaraine 200 2 .7 4 104 .0
n-Amylamine 254 2 .9 4 124 .0
n-îlexylam lne 276 2 .7 4 1 2 6 .2
'Ihe e x is te n c e  of t h i s  r e la t io n s l i ip  i s  n o rm ally  
taken  t c  im ply o r ie n ta t io n  ( c f .  th e  f e r r i c  oxide g e l sy s tem s, 
a lre a d y  d isc u sse d  j .  In  view of th e  r a th e r  i r r e g u la r  r e s u l t s  
ob ta in ed  in  t h i s  c a se , s iü i i la r  assum ptions would n o t be 
j u s t i f i e d .
The I s o th e m a l  f o r  th e  system  s i l i c a  g e l C -  
w a te r ( F i g , I I I . 22) i s  unusual in  t h a t  th e re  i s  no p o in t  of 
I n f le c t io n  w ith in  th e  range o f o a p i l l a r y  cond en sa tio n ; th e  
p re ssu re  b e in g  a  l i n e a r  fu n o tio n  of tJje c o n c e n tra tio n  over 
alm ost the  e n t i r e  h y s te r e s is  a r e a .  Tlie ^  curve 
consequen tly  shows no maximiun. F o s te r  (49) has su g g e s te d  
th a t  th i s  i s  n o t due to  the  sm a lln ess  o f th e  o a p i l l a r y  
r a d i i  nor to  th e  d is tu rb in g  e f f e c t  o f l a y e r  a d s o rp t io n , as 
o th e r  s i l i c a  g e ls  show normal d i s t r i b u t i o n  down t o 8^.
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He h as c a lc u la te d  th a t  would be a  maximum a t  th e
r e l a t i v e  p re s s u re  0 .135  ( r  == 4Â ), # i l e h  i s  too  low f o r  
condensation  t o  o ccu r.
C onsequen tly , i t  has been n e c e ssa ry  to  
c a lc u la te  c a p i l l a r y  r a d i i  a t  a  com parable p o in t  f o r  each  
system . Ih e  v a lu e  o f th e  r e l a t i v e  p re ssu re  when e x a c t ly  
h a l f  th e  t o t a l  amount o f so rb a te  h e ld  by c a p i l la r y  
condensation  h a s  been desorbed, has been s e le c te d  f o r  t h i s  
p u rp o se . The c a p i l l a r y  r a d i i ,  c a lc u la te d  by means o f 
th e  K elv in  e q u a tio n , ace g iven in  Table IV .IO .
■ table IV .10.
S orbate  v/ P q r^^R.
Kthyl a lc o h o l O.565  1 8 .13
n-P ropylam ine O .38O 18.37
n-B utylam ine O.360  18 .43
These v a lu e s  a re  in  good agreem ent, and 
i f  two adsorbed  la y e r s  of e th y l  a lo o h o l a re  com pleted 
b e fo re  th e  o n se t of c a p i l la r y  co n d en sa tio n  th e  t r u e  p o re  
ra d iu s  of th e  g e l  i s  about 29&.
Il-.ICA
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E. S l l l o a  Gel D l8 o th e rin a ls
The is o th e rm a l8 o f th e  s i l i c a  g e l D -  a l l# % a tlc  
amine system s a re  a l l  o f  th e  Type IV  and c o n ta in  a  f a i r l y  
la r g e  h y s t e r e s i s  lo o p , vflilcSi does n o t seem t c  vai'y i n  s i z e  
w ith  in c r e a s in g  m o lecu la r d ia m e te r .
The w e ig h ts  and volumes adso rbed  a t  s a tu r a t io n  
a re  ta b u la te d  in  Table IV. 11.
V -'■■ TABLE I V . l l .
S o r b a te ■ - qgfflg. p e r  gm. lO^qg/M 
m oles p e r  am.
v o l .o . c .
W ater 555 30.80 0.557
îd.hyl a lc < ^ o l 457 9.91 0.582
Ethylam ine 435 9.05 0.617
n-Propylam ine 438 7.42 0.594
n-B uty lam ine 454 6.20 0.616
n-Amylamine 476 3.46 0.635
n-Hexylam ine 440 4.35 0.577
n-H eptylam ine 439 3.91 0.575
t-B u ty lam in e 412 5.65 0.577
E thy lene d iam ine 470 7.84 0.526
Cyolohexylam ine 4Ô8 4.72 0.342
p y rid in e 529 6.69 0.541
I
The volumes ad so rb ed  do n o t appear t o  b e  
c o n s ta n t ,  b u t a  p lo t  o f a g a in s t  ‘V y».w hich i s  g iv e n
in  P ig .iV .9 ,  shows th a t  th e  p o in t s  l i e  abou t a  s t r a i g h t  l i n e ,  
whloh p asses  t h r o j ^  th e  o r ig in .  G u rw itso h 's  h u le  i s  
th e re fo re  obeyed*
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The (quantities sorbed In the unimolecular la y e r ,
2
together with values of Vjj and ^  are given in  Table 1V.32,
Table i v . 12 .
Sorbate z ms. nor ( lO^Zc^M
mples oer sm.
Water 26 1 .4 4 1 7 .5
Ethyl alcohol 150 3.26 87.1
EUiylamine
V
n-Propylaiaine
166 3.É6 1 04 .1
190 3.21 105.3
n-Butylamine 226 3.09 116.2
n-Amylamine 256 2 .94 124.3
n-Hexyl amine 262 2 .7 6 1 2 8 .4
n-Heptylamine 292 2.53 126,9
t-Bptylamine 163 2.53 98.1
Ethylene diamine 195 3.24 94.6
Cyclohexylamine 240 2 .42 101.3
Pyridine 198 2.51 8 3 .2
Graphs o f z against M, and V a  against V<r2 are 
p lotted  in F igs.lV  10 and 11 .
In V ig .IV .io , the points fo r  ethyl alcohol and.the 
stra igh t chain aaines mem to  %11 on a stra igh t l in e  which 
does not paaa through the origin  (dotted l in e ) .  I f  th is  
ind icates that the unimolecular layer contains a constant 
number of adsorbed m olecules, and therefore con sists  of an 
oriented film  of liq u id , i t  i s  the f i r s t  evidence th at has 
been obtained fo r  the orientation of adsorbed molecules on 
s i l i c a  g e l .  The points for pyrid ine, t-butylamine and
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oyolohexylamine l i s  w ell av/ay from th is  stra igh t l in e .  This 
i s  con sisten t with a postulate of orientation  as the bulk ier  
hydrocarbon residue would occupy a larger area tiian a normal 
hydrocarbon chain. Consequently fewer molecules would be 
adsorbed on a constant surface area.
On the other hand, the p lo t of Vjj against V ^ 2  
(Pig.IV . 1 1 ) i s  unusual. Tiie points for  n-hcptylaiaine, 
pyridine,^oyclohexylamine and t-butylamlne are grouped 
together a t the same value of V jj. This i s  tlie customary 
re la tio n  found fo r  oriented m olecules. A sim ilar group 
at a higher V y  le v e l contains the points for ethyl 
alcohol, ethylene diamine and n-propylaialne. The points  
for  the remaining amines, with the exception of ethylamine, 
f a l l  on a smooth curve, the la t t e r  portion of which l i e s  
on a stra igh t l in e ,  which passes through the orig in .
The ex istence of th is  curve, which i s  too regular 
to be due to  experimental error, suggests that the p lo t of z 
against M may a lso  be non-linear. This ap^jears to be the 
case, and a stra ig h t l in e  which passes through the orig in  
passes caily through the points fo r  ethyl a looiiol, ethylene  
diamine and n-propylamine.
A study of these two figu res leads to  Wie suggestion  
that the sm aller molecules in  the stra iq ^ t chain se r ie s  
(ethyl a lcohol, ethylene diamine and n-propylatnlne) are 
oriented, but as the diain length  in creases, the tendency 
i s  towaros random orientation» i . e .  towards a lin ea r  
rela tion  between Vjj and 1/  2 .
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The structure of s i l i c a  in  sudi forms as quartz 
i s  well known, but l i t t l e  i s  known of the structure of 
s i l i c a  g e l ,  and, as there i s  no reason to suppose that an 
ordered arrangement e x is t s ,  i t  i s  ;*o6s lb le  that every sample 
of s i l i c a  gel i s  d ifferen t in  structure. In most cases 
of sorption by porous sorbents i t  i s  agreed that the sorbate 
moleoule i s  not attached to the sorbent at d e fin ite  
active cen tres. Most resu lts  (8 9 ) l®ad to the conclusion  
that the sorption process i s  best interpreted as the covering 
of a constant surface area with a film  of sorbed m olecules, 
oriented e ith er  at randan or at seme d e fin ite  d irection  to  
the plane of the surface. However, the oaccept of a ctiv e  
centres i s  not exoluued i f  i t  i s  assumed that in  most oases 
the active centres are too c lose together to allow each to  
sorb a s in g le  m olecule.
I f  the further assumption were made that a c tiv e  
centres in  s i l i c a  gel D are souievhat further apart than in  
s i l i c a  gel Bg (fo r  which tliere i s  d e fin ite  evldsnee for  
random orientation) a ten ta tive  explanation of the re su lts  
presented here can be put forward.
The molecules of larger cross-section a l area, 
t-butylamine, cyolohejQriamirie'and pyridine are sorbed in  
oriented p osition  and are s u ff ic ie n t ly  bulky to  form a 
complete f ilm .
Ethyl a loohol, ethylene diamine and n-propylamine 
have a sm aller cross-section a l area and so a larger nuiziber 
of raolaculos can be sorbed, in oriented p osition , in  the
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f i r s t  layer. I f  these smaller molecules did not form 
a tigjhtly packed film  i t  i s  p ossib le  th a t, as the length  of 
the carbon oham increased, free  rotation  abcut the 
carbon-carbon bonds would be increased, and would be su ff ic ­
ie n t to  upset the orien tation , i f  the orienting forces  
acting throuj'ii the -iWg group were not very strcaag. This 
would account for the fa l l in g  o ff in  the amount sorbed 
with increasing chain length.
This suggestion cannot be regarded as anything 
more than te n ta tiv e . However, whether i t  has any j u s t i f i ­
cation or n e t , i t  i s  apparent that there i s  some tendency 
for orientation of the unimolecular layer on s i l i c a  gel D.
In the lig h t  of th is  data, the ex isten ce of orientation  
in  the unimoleoulai' layer on s i l i c a  gel C may a lso  be assumed. 
In th is respect s i l i c a  gels C and D d iffe r  from s i l i c a  gel 82.'
In most of the s i l i c a  gel D isothermals the 
point of in f le c t io n  of the desorption branch within the 
h ysteresis  region i s  very hard to  d efin e . Capillary ra d ii 
have Wherefore been calculated  at points in the middle 
of the h y steres is  region, as in  tiie case e£ s i l i c a  gel C, 
and the re su lts  are given in  Table IV .13.
I f  allowance i s  made fo r  two adsorbed layers of 
ethyl a lcohol, the approxiiaate 'true* pore radius i s  
31^. (r^ + 2 <r) or 2 $%. (tj^ + t+ < r ; .
The aç^recment between the various values of 
the cap illary  rad ii i s  not as good as that obtained
in  previous oases, and, in  view of the ambiguous p osition
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with regard t»o orientation , no attempt i s  made to  
calcu late true pore rad ii for the other systems.
Table i v . 1 3 .
Sorbate v/ t?o
Water 0.575 19.14
sthyl aloohol 0.603 20.47
Ethylamine 0.503 18.61
n-Propylamine 0.458 22.76
n-Butylamine 0.425 22.01
n-Amylamine 0 .385 24.29
n-Hexylamine 0.303 23.26
n-Heptylamine 0.250 22.11
t-Butylamine 0.415 21.92
Ethylene diamine 0.310 19.23
Cyclohexylamine 0.3I8 25.31
lyrid ine 0.337 22 .82
Table iV .1 4  shows the percentage of the to ta l  
amount sorbed which i s  held in  the unimolecular layer .
The third and fourth coluitans g ive the values of the products 
nJ2-and n<r, %e method by which these quantities were 
dateruiinea has been described already (page IV. 1 5 /,
AS in  the case of fe r r ic  oxide, nf-remains 
sensib ly constant fo r  the stra igh t chain compounds w hile  
n (T'deoreases with increasing molecular w e i^ t . n^r-ls 
constant for the S o r te r  stra igh t chain compounds and the 
bulky m olecules, and, in  th is  case , the mean value agrees
IV. 39 .
w ell with the mean value of n& fo r  the longer stra ight  
chain m olecules, which confirms the suggestion that 6  
may be a more accurate estimate of the dimensicms of the 
longer molecules in  the adsorbed s ta te .
Sorbate
TAB1.K IV.14 ,
a n(3 >-, o Æ .
Water
V
sthyl aloohol
4 .6 8
32.8 5.60 20.2 29.0
Ethylamine 38.1 4 .8 0 19.6 25.5
n-Propylamlne 38 .9 4 .6 5 25.1 26.5
n-Butylamine 49.8 3 .4 3 22.9 21.2
n-Amylamine 53.8 3.10 2 4 .8 20.1
n-Hexylamine 64.1 2.50 23.0 17.0
n-Heptyiarolne 66.3 2 .35 2 4 .6 15.9
t-Butyiamine 45.0 3.95 2 4 .6
Ethylene diamine 41.5 4 .3 5 24.3 23 .5
Cycl driexyl amine 51 .3 3.30 2 1 .4
lyrid ine 37 .5 4 .8 7 2 8 .0
The mean values of n-t and n<r compare fa ir ly  
wall with the value of the true pore radius, calcu lated  
from the Kelvin equation.
The surface ai'ea of s i l i c a  gel D, determined 
by the B.E.T. method, i s  $ .66  x 10 o s . per ga. Some estim âtei 
of surface area may be made from other isutheroials.
The to ta l vclune of alcohol sorbed at saturation  
i s  0.582  0 . 0 . I f  the true pore radius i s  approximately
IV.40. .
3oX , since 8. = 2
V r
D 2 yS = 3 .22  X 10 cm. per gm.
The quantity of alcohol contained in  the
unimolecular layer i s  0.00326  moles. I f  the minimum
cross-section a l area of the alcohol moleoule ia  20 .
(Adam -  50),
S » 4 .0 2  X 10 cm. per gia.
Taking = 26 . 72X? (from liq u id  density)
S “ 5*39 * lO^OM.^per gm.
163 OK» P@r gm. of t-butylamine arc sorbed in  
the unlmoleoular layer. I f  the cross-section a l area of 
the molecule i s  38.74^? (from liq u id  d en slty )» -  
S ® 3.90 X lO^ora.^per ga.
%e agreement with Uie 6 .S .T . value in  the la tte r  
cases i s  quite good. 'Ihe reason for th is  has already bean 
suggested (page IV.2 6 ).
The rela tion  ®/y = ^/j. does not appear to  have 
the same v a lid ity  as in  the case of fe r r ic  oxide g e l .
H !>'
H+-
mc
,  i  ] i  ^  
S i U  àA; Ci e u
M!
d)p ]N
pec. qm
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0 p ^ 8elori o f Fraazlng Poin t of an Adsorbed Liquid
I t  has been reported by Batchelor and Poster 
(91) that the freez ir^  point of dioxan adsorbed on f e r r ic  
oxide gel i s  depressed, the actual amount depending on the 
pressure in  the system, i . e .  the point on the desorption  
isothermal at inJiich the In vestiga tion  i s  made.
The lite r a tu r e  supplies ecs iflic tin g  data for  
the freezin g  rjoint o f ethylene diamine, tiie values quoted > ' 
ranging between 8®G. and 11®C.
The re su lts  obtained from an in v estig a tio n  
of Uie freez in g  point of athyiane diamine adsorbed on 3102*) 
at a r e la t iv e  pressura o f about 0 .4 1  in d ica te  that there i s  
a oonslderable depression, the value fo r  tho freez in g  point 
being oalcu lated  as 3 . 2 ®C. The freez in g  point of ethylene  
diamine, both in  the pure s ta te  and when saturating a sample 
of g e l ,  i s  shown here to  be 1 0 . 0 °C.
Batchelor and Foster have derived a 
th eo retica l expression for the lowering of the freez in g  p o in t, 
b u t,in  the absence of an isotherm al for t^ is  system below 
the freezing  point of bulk ettiylene d iam ine,it i s  not p ossib le  
to determine the surface energy of the so lid  jrfiaae, without 
which the th eo re tica l freezing  point caiiuot be ca lcu la ted .
The r e su lt , however, does serve as a 
confirmation of the fa c t  that the adsorbed so lid  has a lower I 
vapour pressure than the bulk s o lid  and that i t  has a s h a r p ^  
m elting point at a considerably lower temperature. î
APPENDIX I
S ubstance
W ater
Ethyl alochol
fCthylamine
n-P ropy lam lne
V
n-B uty lam ine '" 
n-ADaylamlne 
n-H exylam ine 
n -H ep ty lam ine  
t-B u ty la m ln e  
E thy lene  d iam ine 
C yclohexylam ine 
P y r id in e
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V.P. ,ion.
ô r m ; ..
at t% .
25 ' 0.997 71.97 23.75
25 0.7852 21.96 59.14
0 0.7056 a 22.68 b 369.9 c
0 0.7382 d 25.14 d 94.88 e
25 0.7369 d 23,47 d 95.67 e
25 0.749a d 24.66  d 31.77 8
25 O.76L8 d 25.85 d 9.69 0
35 0.7635 d 25.96 e 6.46 3
0 0,7137 f 21.32 e 116.2 @
25 0.8938  d 41.42  d 13.42 g
25 0.8629 d 31.19 d 9.46 8
25 0.9779 h 37.95 8 20.18  i
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